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The utilization of biomass for the production of fine chemicals has been 
attracted as an alternative way to conventional petrochemical processes. As 
biomass-derived feedstocks contain abundant oxygen atoms, selective removal 
of oxygen is required to produce fine chemicals previously obtained from 
petroleum. Dehydrative reactions such as dehydration and esterification are 
effective to reduce oxygen content of biomass-derived feedstock as well as to 
produce desired functional groups. In this thesis, heterogeneous dehydrative 
reactions for the conversion of biomass-derived C4 chemicals including 2,3-
butanediol and 1-butanol are studied. 
At first, a novel type of dehydration reaction that produces 2,3-epoxybutane 
from 2,3-butanediol (dehydrative epoxidation) is discovered and explored. 
Among a number of tested basic catalysts, the CsOx/SiO2 catalyst showed 
outstanding performance for the dehydrative epoxidation of 2,3-butanediol and 
is considered to be the most promising catalyst for this type of reaction. In order 
to identify the superiority of the CsOx/SiO2 catalyst and a mechanism of the 
reaction, structure-activity relationships were studied along with density 
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functional theory (DFT) calculations. The following features are found to be 
responsible for the excellent activity of the CsOx/SiO2 catalyst: i) strong basic 
sites formed by Cs+, ii) low penetration of Cs+ into SiO2 which permits basic 
sites to be accessible to the reactant, iii) stable basic sites due to the strong 
interactions between Cs+ and SiO2 surface, and iv) mildly acidic surface of SiO2 
which is advantageous for the elimination to H2O. In addition, the dehydrative 
epoxidation involves an inversion of chirality (e.g. meso-2,3-butanediol (R,S) 
to trans-2,3-epoxybutane (R,R or S,S)), which is in agreement with DFT results 
that the reaction follows a stereospecific SN2-like mechanism.  
The 2,3-epoxybutane produced from the dehydrative epoxidation of 2,3-
butanediol can be further utilized to produce fine chemicals. When 2,3-
epoxybutane was reacted over basic lithium phosphate catalyst, isomerized 
product, 3-buten-2-ol, was obtained with high selectivity. Furthermore, it was 
found that 3-buten-2-ol is an ideal precursor for the production of 1,3-butadiene. 
Reaction of 3-buten-2-ol over acidic mesoporous aluminosilicate (Al-MCM-41) 
led to dominant formation of 1,3-butadiene via acid-catalyzed dehydration. On 
the basis of the results, heterogeneous catalytic process for the production of 
1,3-butadiene from 2,3-butanediol is proposed. 
Esterification of 1-butanol with carboxylic acid produces various esters 
which can be utilized to environmentally friendly solvents and precursors for 
fragrances. Esterification reactions are industrially conducted with 
homogeneous mineral acid catalysts, which causes process and environmental 
problems. Heterogeneous acid catalyst for the esterficiation reactions is 
essential to overcome the current problems. Zr-WOx clusters on WOx/ZrO2 
catalyst are known to be active sites for the acid catalyzed reactions, such as 
dehydration of alcohols and alkane isomerization reactions. However synthetic 
methods for producing high density of Zr-WOx clusters with high surface areas 
are not currently available. A facile method for preparing mesoporous Zr-
WOx/SiO2 is proposed and the effect of Zr/W ratio on its structure and acidity 
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was examined. Results showed that the sequential hydrolysis of zirconium and 
tungsten via soft-templating resulted in the formation of Zr-WOx clusters with 
uniform mesopore structures and a high acidity. The prepared Zr-WOx/SiO2 
was characterized by N2 physisorption, XRD, TEM, XPS, UV-Vis 
spectroscopy, NH3-TPD and in-situ FTIR. Catalytic performance for the 
esterification of 1-butanol with acetic acid was evaluated. The materials had a 
high surface area of over 500 m2/g and ordered cylindrical pores with a uniform 
size of ca. 5 nm. Below a Zr/W ratio of ≈0.5, the zirconium was primarily 
associated with tungstate rather than SiO2, which indicates the formation of Zr-
WOx clusters. The highest density of Zr-WOx clusters was obtained at a Zr/W 
ratio of 0.3 with a strong Brønsted acidity. Consequently, Zr-WOx/SiO2, as a 
Zr/W ratio of 0.3 exhibited the highest activity with a significantly improved 
performance compared to HZSM-5 and WOx/ZrO2 catalysts. 
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Chapter 1. Introduction 
 
1.1 Biomass as a source for chemical production 
 
With growing demand for sustainability of chemical processes, the catalytic 
conversion of biomass to value-added chemicals has been raised as an 
alternative to conventional petrochemical processes [1]. Since biomass-derived 
feedstocks contain abundant oxygen atoms (O/C ratio up to 0.6 for woody 
biomass [2]), as opposed to petrochemical feedstocks (O/C ratio less than 0.02 
[3]), the selective removal of oxygen is a central challenge for producing 
valuable chemicals using biomass sources [4-6]. In this connection, dehydrative 
reactions, such as dehydration and esterification, play a key role in the reduction 
of abundant oxygen from biomass-derived feedstocks. For example, in the case 
of the production of HMF from glucose [7,8] and furfural from xylose [8-10], 
half of the oxygen atoms in sugars are effectively removed by dehydration 
reactions.  
In the aspect of chemical structure, hydroxyl and carboxylic acid groups are 
two major chemical structure present in biomass-derived feedstocks. Therefore, 
dehydration and esterification reactions also have significance in the formation 
of desirable functional groups as well as the removal of oxygen atoms. 
Hydroxyl groups in biomass-derived feedstocks can be effectively converted 
into functional groups, such as C=C and C=O bonds, via dehydration. The 







DMF [11,12], γ-valerolactone [13], alkanes and alkenes [14] from biomass-
derived feedstocks. In addition, the consecutive dehydration of glycerol led to 
the formation a C=O bond (3-hydroxypropionaldehyde) followed by C=C bond 
formation, resulting in the production of acrolein which is a valuable precursor 
for the production of acrylic acid [15-17]. On the other hand, esterification 
reaction is useful to convert carboxylic acid group to ester group. The 
esterification can produce esters from biomass-derived carboxylic, acids such 
as lactic acid, succinic acid, itacconic acid, and glutamic acid. The produced 
esters are potentially useful to solvent liquid as they have non-toxic, bio-








1.2 C4 feedstocks derived from biomass 
 
2,3-Butanediol is the longest chain alcohol found as natural major end product 
of microbial fermentation along with butanol. Harden and Walpole first 
reported the production of 2,3-butanediol from microbial fermentation [19]. It 
is generally synthesized via mixed acid fermentation of pathogenic bacteria 
such as Klebsiella pneumonia, Klebsiella oxytoca, Enterobacter aerogenes, and 
Paenibacillus polymyxa [20-23]. These bacteria are useful to produce 2,3-
butanediol with high yields and productivities, but large-scale fermentation is 
quiet difficult due to their pathogenic properties. The use of non-pathogenic 
Saccharomyces cerevisiae is considered to be desirable as an alternative. This 
microbial fermentation is proceeded through several intermediate compounds 
such as α-acetolactate, diacetyl, and acetoin (Figure 1-1). Other side products, 
i.e. ethanol, acetate, formate, lactate, and succinate are also synthesized 
depending on the applied conditions or types of microorganisms. However, 
microbial fermentation using Saccharomyces cerevisiae led to low productivity 
and yield so that several attempts to improve 2,3-butanediol production have 
been tried [24-27].  
Butanol has been traditionally produced by ABE fermentation which is an 
anaerobic conversion of carbohydrates by metabolically engineered strains of 
Clostridium into acetone, butanol, and ethanol [28-35]. As two major global 







fermentation of sugar beet in June 2006 and established the joint-venture 
ButamaxTM Biofuels LLC in 2009, the production of butanol is expected to 
grow rapidly. On October 2, 2013, Butamax announced that the production 
facilities for biobutanol has been constructed by simple retrofit of existing 
Highwater Ethanol’ plant in Lamberton, Minnesota [36]. Biobutanol can be 
produced from cereal crops, sugar cane and sugar beet, etc, but can also be 










Figure 1-1. Metabolic pathways for the synthesis of 2,3-butanediol in 
Saccharomyces cerevisiae. Green arrow show the bacterial 2,3-butanediol 
synthesis pathway through α-acetolactate decarboxylase. Blue boxes contain 
the Saccharomyces cerevisiae innate genes, while yellow boxes indicate the 









1.3 Catalytic dehydrative reactions 
 
Different from petroleum based feedstocks, biomass derived feedstocks 
contain a plenty of oxygen as a form of alcohol, carboxylic acid, aldehyde, and 
ketone. Therefore, oxygen removal has to be involved in the conversion of 
biomass to produce fine chemicals that are derived from petroleum. The 
dehydrative reaction is advantageous solution to reduce oxygen content as well 
as to produce chemicals with desired functionality. 
 
1.3.1 Dehydration of 2,3-butanediol and the production of 1,3-
butadiene 
 
1,3-butadiene is one of essential monomers for polymer synthesis, and has 
been solely produced via petrochemical process. Production of 1,3-butadiene 
from biomass derived feedstock is of great importance in that a renewable 
resource is utilized as opposed to a petrochemical process. In this regard, 2,3-
butanediol has been recognized as an attractive biomass derived feedstock for 
1,3-butadiene production [38], because elimination of two water molecules 
from 2,3-butanediol can lead to the formation of 1,3-butadiene.  
Homogeneous catalytic process for the production of 1,3-butadiene from 2,3-
butanediol was previously reported in 1945 by S. Marshak et al. [39], and was 







esterification of 2,3-butanediol and pyrolysis of produced ester. The 
esterification of 2,3-butanediol can take place with carboxylic acids like acetic 
acid and formic acid using H2SO4 as a homogeneous catalyst, and produces 
mono- and di-ester. The di-ester is thermally activated in the pyrolysis step, 
resulting in the formation of 1,3-butadiene. This process can produce 1,3-
butadiene from 2,3-butanediol with high yield ~ 80%, but utilization of 
homogeneous mineral acid can cause corrosion, separation, and environmental 
problems. Therefore, a heterogeneous catalytic process is highly desired to 
realize the production of 1,3-butadiene from 2,3-butanediol.  
Acid catalyzed dehydration is conventional and the first choice for 
heterogeneous catalytic dehydration of alcohols. However, in the case of 2,3-
butanediol, the acid catalyzed dehydration resulted in formation of methyl ethyl 
ketone and isobutraldehyde, which contain unreactive C=O bonding and 
hamper further dehydration to 1,3-butadiene. Therefore, a novel catalytic route, 
not based on acid catalysis, is required to realize the heterogeneous catalytic 
pocess for the production of 1,3-butadiene from 2,3-butanediol.  
 
1.3.2 Esterification of 1-butanol with acetic acid 
 
Industrial esterification processes have utilized homogeneous acid catalysts 
such as H2SO4 and HCl.[41] The homogeneous process provides good 







separation and severe corrosion problems. Therefore, it is highly desirable to 
replace the current homogeneous process to heterogeneous one by adopting 
solid acid catalysts. 
There are various options for solid acid catalysts, including zeolites, 
aluminosilicates, acidic oxides, supported heteropoly acids, ion-exchange 
resins, and so on. Peters et al. compared several commercial acid catalysts for 
the liquid phase esterification of acetic acid with butanol [41]. It was found that 
ion-exchange resins were better performed than zeolites and superacids. The 
apparent rate constant per acid site for ion-exchange resins, recalculated from 
data in ref 41, was 3.4·10-6 and 7.1·10-6 m3 mol-2 s-1 for Amberlyst 15 and 
Smopex-101, respectively. These values are slightly lower than sulfuric acid 
(2.0·10-5 m3 mol-2 s-1) and p-toluenesulfonic acid (1.0·10-5 m3 mol-2 s-1), and are 
comparable with phosphomolybdic acid (7.0·10-6 m3 mol-2 s-1). In contrast, the 
apparent rate constant per acid site for zeolites was considerably lower than 
ion-exchange resin, except for H-USY zeolite which has relatively large pores. 
The authors proposed that internal diffusion in pores of zeolite limited the 
reaction. Sulfated zirconia exhibited rate constant similar to Amberlyst 15, but 
its acid contents were 10-times lower than ion-exchange resin thus much more 
catalysts were required to achieve similar acid amount.  







appropriate catalyst. Corma et al. studied the influence of Si/Al ratio of HY 
zeolites on the esterification of ethanol with phenylacetic acid [42]. The authors 
observed increase in activity with increasing Si/Al ratio, which indicates that 
esterification only takes place at strongly acidic sites. Similar trend was also 
reported by Peters et al. [41].  
On the basis of the literature survey, it can conclude that sufficiently large 
pore size and strong acid sites are required for esterification catalyst. These 
required properties make one image mesoporous material with high density of 
strong acid sites as an ideal catalyst for esterification reaction. Regarding to 
strongly acidic material, I focused on tungstated zirconia (WOx/ZrO2). 
Tungstated zirconia (WOx/ZrO2) catalysts have attracted interest, since Hino 
and Arata first discovered their strong acidity and low-temperature activity for 
light alkane isomerization [43] It has been reported to have a high activity for 
alkane isomerization and the dehydration of alcohols [44-46]. Furthermore, the 
higher thermal and chemical stabilities of WOx/ZrO2 make them attractive for 
use in a variety of industrial processes [43,46]. It is generally accepted that the 
strong acidity is due to the strong interaction between zirconia and tungstate or 
by the presence of Zr-WOx clusters. Although the origin of strong acidity was 
identified, methods for improving the activity of WOx/ZrO2 catalysts are not 
available. High surface area mesoporous material combined with active site of 









Catalytic conversion of biomass to replace petrochemical processes has 
become an important issue in the field of catalysis. Current limitations in the 
conversion of biomass are closely related to the large oxygen contents in 
biomass. Removal of oxygen atoms is basically required to produce fine 
chemicals, but catalytic routes as well as known catalytic materials are 
insufficient to create efficient catalytic process for the biomass conversion. 
In this regard, the objective of this thesis is achieving efficient catalytic 
conversion of biomass-derived 2,3-butanediol and 1-butanol through discovery 
of a novel catalysis, understanding of reaction mechanism, and development of 
highly active catalyst. 
A novel dehydration reaction which produces 2,3-epoxybutane from 2,3-
butanediol is first discovered and studied. Required characteristics for an active 
catalyst and reaction mechanism are proposed based on experimental results 
and theoretical calculations. On the basis of this novel reaction, heterogeneous 
catalytic process for the production of 1,3-butadiene from 2,3-butanediol is 
proposed.  
Design and synthesis of an active catalyst for the esterification of 1-butanol 
with acetic acid is studied. The synthesized catalyst, mesoporous Zr-WOx/SiO2, 
exhibited high surface area and high density of strong acid site. Thanks to these 







Chapter 2. Dehydrative Epoxidation of 2,3-
butanediol and Heterogeneous Catalytic Process 




2,3-butanediol is an attractive biomass-derived feedstock to produce C4 fine 
chemicals. Researches on the catalytic dehydration of 2,3-butanediol have 
received little attention, and only few studies have been reported on this issue. 
Several studies on dehydration of 2,3-butanediol to 3-buten-2-ol were reported 
[47], but most of the reports related to this subject have been limited to acid 
catalyzed dehydration, yielding aldehydes and ketones [48-54]. Such restricted 
uses and studies will not be sufficient to identify efficient reaction pathways for 
biomass conversion for replacing conventional petrochemical products. In this 
regard, the discovery of novel dehydration reactions of vicinal diols has the 
potential to open up new possibilities for the utilization of biomass, and thereby 
has the potential to expand the scope of chemicals that can be produced from 
biomass. 
Herein, a novel dehydration reaction of 2,3-butanediol (BD), leading to the 
formation of 2,3-epoxybutane (EB), is reported. Since the reaction involves the 
formation of an epoxide ring with the elimination of H2O, the reaction is 







vicinal diols, including ethylene glycol, 1,2-propanediol, and BD, was 
performed and was compared with previously reported dehydration reactions. 
A series of active catalysts were screened for the dehydrative epoxidation of 
BD, and the optimum catalyst was identified. The acidic-basic and 
physicochemical properties of the catalysts were characterized, in order to 
identify the cause of the difference in catalytic activity with respect to 
dehydrative epoxidation. In addition, the stereochemistry involved in 
dehydrative epoxidation was explored. DFT calculations were carried out to 
determine the energetics of the reaction, including the transition states as well 
as the configurations and adsorption of the molecules. On the basis of the 
experimental results and the DFT calculations, the active site of the catalyst and 
a reaction mechanism for dehydrative epoxidation is proposed. Using the 
dehydrative epoxidation, heterogeneous catalytic processes for the production 
of 1,3-butadiene from BD is proposed. The process is composed of sequential 
three reactions: dehydrative epoxidation of BD to EB, isomerization of EB to 












2.2.1 Preparation catalysts 
 
Sodium acetate trihydrate (TCI), potassium oxalate monohydrate (Samchun 
Chemical), cesium acetate (Samchun Chemical), magnesium nitrate 
hexahydrate (Fluka), calcium nitrate tetrahydrate (Sigma-Aldrich), strontium 
nitrate (Sigma-Aldrich), lanthanum nitrate hexahydrate (Junsei Chemical), and 
cerium nitrate hexahydrate (Kanto chemical) were used as precursors for 
supported basic metal oxide catalysts and were used without further purification. 
Al-MCM-41 (Aluminosillicate, mesostructured, Sigma-Aldrich) was used as 
received. The catalysts were prepared by the incipient wetness impregnation 
method. In typical procedures, at first, a predetermined amounts of precursor 
was dissolved in 3 ml of deionized water. The aqueous solution of precursor 
was then added drop-wise to 2.0 g of a support oxide (SiO2 (Aerosil® 200), 
Al2O3 (Aeroxide® Alu C), and TiO2 (Aeroxide® P25)) with vigorous mixing 
by hand for at least 20 min. To prevent a complete wetness, impregnation was 
conducted repeatedly by dosing a small quantity of precursor solution and 
followed by drying at room temperature. The impregnated powders were dried 
at 343 K overnight, and then be grounded and calcined at desired temperature 
(5 K/min) for 4h. 
For the catalysts used in the screening of active materials (section 2.3.2), 10 
wt.% (Cs2O, CaO, SrO, La2O3, CeO2), 2.4 wt.% (Na2O), 3.6 wt.% (K2O), and 
3.1 wt.% (MgO) were loaded on a SiO2 support, and the notation of M/SiO2 is 







following notation is used to express the SiO2 supported Cs catalysts: 
xCsOx/SiO2-y, where x is the wt.% of Cs2O loading, and y is the calcination 
temperature (723 ‒ 1023 K). The catalysts prepared using other supports are 
expressed in the same way.  
Basic lithium phosphate (Li3PO4) was prepared by precipitation method. 1.82 
g of sodium phosphate monobasic (0.015 mol, NaH2PO4, Sigma-Aldrich) and 
1.28 g of lithium hydroxide monohydrate (0.030 mol, LiOH∙H2O, Sigma-
Aldrich) were separately dissolved in 15 ml and 10 ml of deionized water, 
respectively. Prior to precipitation, the former solution (NaH2PO4) was 
transferred to a 100 ml round-bottom flask. The contents were heated and the 
temperature was maintained at 313 K. The aqueous solution of LiOH∙H2O was 
then added drop-wise with vigorous stirring using a magnetic bar. A white 
precipitate was immediately formed when the solution was added. The mixed 
solution was aged at 313 K for 24 h. After the aging, the white precipitates were 
isolated on a filter, washed three times with 200 ml of de-ionized water, and 
dried at 343 K for overnight. Calcination of the dried precipitates were 
conducted at 673 K (5 K/min of ramping speed) for 6 h. 
 
2.2.2 Reactivity tests 
 
A fixed-bed quartz reactor was used to evaluate the catalytic performances of 
the catalysts for the dehydration of 2,3-butanediol, 1,2-propanediol, and 
ethylene glycol. Temperature were measured by a K-type thermocouple and 







using 0.1 g of catalyst samples held on a porous quartz bed with aqueous 
solutions of 2,3-butanediol (Acros Organics, 98%, mixture of racemic and 
meso forms), meso-2,3-butanediol (Sigma-Aldrich), 1,2-propanediol, ethylene 
glycol (Alfa Aesar, 97%), trans-2,3-epoxybutane (Alfa Aesar, 97%), cis-
2,3-epoxybutane (Alfa Aesar, 98%), 3-buten-2-ol (Alfa Aesar, 97%), 
and methyl ethyl ketone (J.T. Baker, 99.0%). The compositions of reactants 
in the aqueous solutions were 9.9 wt.% (2.1 mol%) for 2,3-butanediol, 8.3 wt.% 
(2.1 mol%) for 1,2-propanediol, 6.9 wt.% (2.1 mol%) for ethylene glycol, and 
8.1 wt% (2.1 mol%) for the others in order to ensure a same space velocity 
of reactants (Space velocity (SV) = total flow rate / amounts of catalyst = 1.38 
L/(min (g cat)). The reactor was heated to the desired temperatures (673 K) 
with ramping rate of 10 K/min and maintained for 30 min with a flow of dry N2 
(99.999%, 30 cm3/min). The reactant solutions were then injected with a rate 
of 1.5 cm3/h (1.64 mmol 2,3-butanediol/h) into a pre-heating zone which was 
maintained at 473 K and was connected to a top of the reactor. Effluent gases 
were passed through a helix type condenser and was collected in a sample tube 
containing 20 ml of deionized water. Acetonitrile was used as an external 
standard for quantification and added to products collected hourly. The 
products were analyzed using gas chromatography (Younglin ACME 6100 
instrument) equipped with a FID detector and Rtx®-VRX capillary column 
(Restek, cat. # 19316). The data acquired at 2 h of the reaction was used to 
compare the catalytic activity of the catalysts. In case of the acid catalyzed 
dehydration of the intermediates, 1,3-butadiene in the effluent gases was 







equipped with a FID detector and HayeSep C-ValcoPLOT® capilary 
column (VICI®, Product no. CFS-PC3053-200). The turnover frequency 
(TOF) and specific formation rates of products for supported catalysts were 




Temperature programmed desorption (TPD) of NH3 was carried out using 
Micromeritics Autochem II chemisorption analyzer. Prior to the analysis, 0.1 g 
of sample was heated at 673 K for 1h under a He flow to remove adsorbed 
impurities. After cooling to 323 K, the sample was saturated with probe by a 
flow of 10.2% NH3/He. The physisorbed probe was removed by flushing of He 
flow at 373 K. After the sample was cooled down to 323 K and the TCD signal 
was stabilized, the signal was recored with increasing the temperature from 323 
K to 673 K at a rate of 10 K/min under a flow of He.  
The Hammett indicator titration method was utilized to compare the base 
strength of the prepared catalysts. In typical procedure, the Hammett indicators 
were dissolved in methanol to obtain 0.05 M solutions. Prior to the titration, a 
determined amounts (10 mg) of a catalyst was heated at 423 K in vacuum oven 
to remove adsorbed species. Then, it was titrated by 400 μl of each indicator 







Neutral red (pKa = 6.8), phenolphthalein (pKa = 8.2), 2,4-dinitroaniline (pKa = 
15.0), and 4-nitroaniline (pKa=18.4). Benzoic acid titration method was 
employed to quantify the total basicity of the catalysts.  
X-ray photoelectron spectroscopy (XPS) was carried out on a KRATOS AXIS 
electron spectrometer equipped with MgKα radiation. The binding energies 
were corrected using C1s as an internal standard (284.6 eV). The peaks were 
fitted by mixed Gaussian-Lorentzian functions with substraction of Shirley type 
background using XPS peak fitting program (XPSPEAK 4.1). 
29Si cross polarization/magic angle spinning (CP/MAS) nuclear magnetic 
resonance (NMR) spectra of the samples were recorded on a Bruker AVANCE 
400 WB (400 MHz) spectrometer operating at a frequency of 79.5 MHz. The 
magic angle spin speed used for 29Si spectral recording was 5 kHz. 133Cs MAS 
NMR spectra were recorded on the same instrument operating at a frequency 
of 52.5 MHz and 7 kHz of the magic angle spin speed. Electron spin resonance 
(ESR) spectra of the catalysts were recorded on a JEOL JES-TE200 
spectrometer operating at 9.43 GHz of a microwave frequency and 1.0 mW of 
a microwave power. The differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA) were performed on a TA instruments SDT 
Q600 analyzer. The temperature was increased from room temperature to 1173 
K with a heating rate of 10 K/min under an air flow. 
High resolution transmission electron micrograph (HR-TEM) images were 
obtained on a JEOL JEM-3010 microscope using bright field (BF) mode with 
an acceleration voltage of 300 kV. The X-ray diffraction (XRD) patterns were 







Kα radiation (1.5406 Å) in an operating mode of 50 kV and 100 mA. An 
analytical high-angle annular dark-field scanning transmission electron 
microscope (HAADF-STEM, Tecnai F20-FEI, 200 kV) equipped with energy 
dispersive X-ray spectroscopy (EDS, Tecnai 136−5-EDAX) was used to 
explore the distribution of elements over the prepared catalysts. N2 adsorption-
desorption analyses were carried out using a Micromeritics ASAP-2010 
instrument. The total surface area of the samples was calculated by the BET 
method (P/Po = 0.1-0.2). The pore volume and pore size distributions were 
obtained from the desorption branches of the isotherms using BJH methods. 
 
2.2.4 Computational details 
 
Periodic density functional theory (DFT) calculations were carried out using 
the Vienna ab initio simulation package (VASP) [55]. The generalized gradient 
approximation (GGA) parameterized by Perdew-Burke-Ernzerhof (PBE) 
exchange-correlation functional was employed [56]. Ionic cores were described 
by the projector augmented wave (PAW) method [57]. Dispersion forces were 
included with the DFT-D2 Grimme's empirical correction [58]. The C6 (57.74 
J nm6/mol) and R0 (1.776 Å) parameters for cesium were taken from the data 
of F. Zhang et al [59]. The wave functions were constructed from the expansion 
of planewaves with an energy cutoff of 400 eV. A 1 × 1 × 1 Monkhorst-Pack 
k-point mesh was used to sample the Brillioun zone. All calculations were 
converged until the forces on all atoms were less than 0.03 eV/Å. The electronic 







In our calculations, β-cristobalite (001) was used to represent the surface of 
the amorphous SiO2. It has been often used for the same purpose because the 
physical properties, including refractive index and bulk density, of β-
cristobalite are close to those of amorphous SiO2 [60,61]. Previous reports also 
have supported that (001) and (111) plane of β-cristobalite successfully 
describe the surface of amorphous SiO2 [60-63]. Detailed explanation about the 
model can be found in the report of J. Handzlik et al.[64] I42d space group with 
Si in 4 (a) and O in 8 (d) crystallographic positions [65] was used as an initial 
structure for geometry optimization of bulk β-cristobalite. For the calculation 
of bulk optimization, the cutoff energy was increased to 520 eV and a 4 × 4 × 
4 k-point mesh was used. The lattice constants of the fully optimized bulk 
structure are found to be 5.02 Å (a, b) and 7.38 Å (c), which is in agreement 
with the experimentally reported values of 5.04 Å (a, b) and 7.13 Å (c) [65]. 
The surface was constructed by cleaving (2 × 2 × 1) optimized bulk structure 
(a = b = 10.04 Å) along the (001) plane. To prevent in-physical electronic 
interactions, 20 Å of vacuum region between the slabs was added. Dangling 
oxygens on the surface were fully hydroxylated by adding equal number of 
hydrogens. The surface consisted of 8 layers (4 Si layers and 4 O layers). The 
top four layers were allowed to relax while the remaining four bottom layers 
were fixed. The surface of CsOx/SiO2 was constructed by replacing one of the 
hydrogen atoms with Cs atom since Cs ion in CsOx/SiO2 has same oxidation 
state (+1) as proton, and is capable to exchange with the proton [66-69]. 
Experimental evidences are also provided by XPS analysis of CsOx/SiO2 







butanediol, gauche-meso-2,3-butanediol, cis-2,3-epoxybutane and trans-2,3-
epoxybutane were obtained by systematically exploring the adsorption sites on 
the CsOx/SiO2 surface. The adsorption energies were calculated as follows: 
ΔEads = Eadsorbate/surface – Eadsorbate – Esurface. 
The transition state was located using climbing image-nudged elastic band 
(CI-NEB) method [70,71]. Seven equally spaced images were obtained by 
linear interpolation and used as initial trajectories for reaction path. In the CI-
NEB calculations, the images was refined until the maximum atomic forces are 







2.3 Results and discussion 
 
2.3.1 The dehydrative epoxidation of vicinal diols 
 
Acidic catalysts are frequently used as dehydration catalysts and were mainly 
adopted to use in the dehydration of vicinal diols. The dehydration of vicinal 
diols in the presence of an acidic catalyst preferentially produces aldehydes and 
ketones via a carbocation intermediate which is frequently observed in acid 
catalysis [48-54]. On the other hand, S. Sato et al. utilized the rare-earth and 
transition-metal oxides for the dehydration of vicinal diols including 1,2-
propanediol, 2,3-butanediol (BD), and 1,2-butanediol [47,72]. In the reports, 
main products of reaction over the rare-earth metal oxides were aldehydes and 
ketones as similar to the acid catalyzed dehydration. When transition metal 
oxides were utilized, they found that ZrO2 catalyst is capable of selectively 
producing 3-buten-2-ol (BO) via dehydration of BD [47]. 
In contrast to the above dehydration reactions, the reaction of vicinal diols 
over a basic CsOx/SiO2 catalyst resulted in the formation of new dehydration 
products (Table 2-1). Epoxides including epoxyethane, 1,2-epoxypropane, and 
2,3-epoxybutane (EB) were produced from ethylene glycol, 1,2-propanediol, 
and BO, respectively. The reaction of 1,2-propanediol and BD also produced 
unsaturated alcohols (2-propen-1-ol and BO, respectively), whereas 
unsaturated alcohols were not produced in the case of the reaction of ethylene 
glycol due to the shorter carbon chain. Comparing the reaction results of the 
vicinal diols (Figure 2-1), the extent of conversion became higher with the 







amounts of epoxides and unsaturated alcohols that are produced. Aldehydes 
and ketones presented opposite trend and their yields decreased slightly with 
the longer carbon chain length. Consequently, dehydrative epoxidation takes 
place more easily for vicinal diols with longer carbon chain. 
Considering the fact that typical dehydration leads to the formation of C=C or 
C=O bonds, the formation of epoxides is clearly a distinguishing result, since a 
strained intramolecular C-O bond was formed. Sequence of this reaction may 
be similar to the dehydration of monoethanolamine to ethyleneimine which 
involves a formation of similar 3-membered ring via dehydration [73]. 
However, it is important to note that the dehydration of monoethanolamine to 
ethyleneimine can be induced by SiO2 catalyst, whereas the formation of 
epoxides from vicinal diols cannot be. There is definitely distinct catalysis on 
the formation of epoxides from vicinal diols. Discovering a catalysis that is 
used in the formation of epoxides from the dehydration of the vicinal diols 









Figure 2-1. Compositional changes in dehydration products with respect to the 
carbon chain length of the vicinal diols: Carbon chain length of 2, 3, and 4 
represents ethylene glycol, 1,2-propanediol, and 2,3-butanediol BD, 
respectively. Reaction condition: Fixed-bed flow reactor, Trxn = 673 K, SV = 


































































































































































































































































































































































































2.3.2 Dehydrative epoxidation of 2,3-butanediol: Screening of basic metal 
oxides 
 
To explore the dehydrative epoxidation reaction in more detail, a series of 
active materials for the reaction is tested. A number of SiO2 supported catalysts 
were prepared using alkali, alkaline-earth, and rare-earth metal oxides as basic 
metal oxides. Acidic Al-MCM-41 was also tested as a reference catalyst. In 
these experiments, BD was used as representative vicinal diol. Since it was 
confirmed that BO is secondary product which is originated from EB, the 
specific activity for the dehydrative epoxidation was compared based on the 
sum of specific formation rate for EB and BO. Chemical names, structures, and 
abbreviations for reactants and products appeared in the conversion of BD are 















































































































2.3.2.1 Reactivity tests 
 
In the results for the SiO2 supported alkali metal oxides (Table 2-2. entry 1-3), 
KOx/SiO2 showed selective formation of EB and BO, but with considerably 
lower activity than CsOx/SiO2. Specific formation rate of EB and BO for 
NaOx/SiO2 was 4-fold lower than KOx/SiO2. Accordingly, the specific activity 
for dehydrative epoxidation increased in the order of increasing atomic number 
of the alkali metal oxides. Meanwhile, the SiO2 supported alkaline-earth and 
rare-earth metal oxides (entry 4-8) produced MEK and IBA mainly. Any trace 
amounts of EB and BO were not detected for MgOx/SiO2, LaOx/SiO2, 
CeOx/SiO2. Only CaOx/SiO2 and SrOx/SiO2 were capable of producing EB and 
BO, but their specific activities were lower than those of the supported alkali 
metal oxides. Therefore, alkaline-earth and rare-earth metal oxides were 
considered poorly effective for the dehydrative epoxidation than alkali metal 
oxides. In the reaction for Al-MCM-41 catalyst (acidic catalyst, entry 9), MEK 

























































































































































































































































































































































































































































































































































































































2.3.2.2 Acid and basic properties of the screened catalysts 
 
It appeared that dehydrative epoxidation is significantly influenced by the type 
of loaded basic metal oxides. In order to identify the causes of the catalytic 
difference among the screened catalysts, the acidic and basic properties of the 
catalysts were correlated with the reaction results. 
Figure 2-2 show the NH3 TPD results for the catalysts. The loading of basic 
metal oxides on the SiO2 support resulted in an increase in acidic sites. This 
increase would be similar to the formation of acidic sites on heteroatom doped 
silicate materials [74]. The amounts of acidic sites that are formed vary 
considerably, depending on the type of loaded metal oxides. MgOx/SiO2, 
CaOx/SiO2, and LaOx/SiO2 have relatively high amounts of acidic sites, and the 
SiO2 supported alkali metal oxides and strontium oxide have medium amounts 
of acidity. CeOx/SiO2 contained a quite low level of acidic sites. The formation 
of additional acidic sites could cause the considerable formation of MEK and 
IBA for the SiO2 supported alkaline-earth metal oxides and rare-earth metal 
oxides, as MEK and IBA are major products of acid catalyzed dehydration. 
Since Brønsted acidic catalysts were reported to be effective in the formation 
of MEK and IBA [53,54], the type of acidic sites formed in these catalysts is 
predicted to be Brønsted acidic sites. Compared to Al-MCM-41, these SiO2 
supported catalysts produced much smaller amounts of IBA. The ratio of MEK 
to IBA for Al-MCM-41 was found to be about 2 whereas that for the alkaline-
earth and rare-earth metal oxides was considerably higher (ranging from 3.7 to 







rare-earth metal oxides implies that acidic sites weaker than those in Al-MCM-
41 were formed in these catalysts, because IBA is formed via a methyl group 
rearrangement,[53] which is closely related to the formation of a carbocation 
[75]. In contrast, much less MEK and IBA were formed on the SiO2 supported 
alkali metal oxides, which indicates that the formed acidic sites by the loading 
of alkali metal oxides are different from those for alkaline-earth and rare-earth 
metal oxides, and are probably weak Lewis acidic sites. 
The trend for the specific formation rate of EB and BO among the SiO2 
supported catalysts is also important to note in relation to the base strength of 
the catalysts. The base strength of alkali, alkaline-earth, and rare-earth metal 
oxides generally follows the theoretical basicity trend of electronegativity (EN). 
This relationship of base strength and EN has been frequently reported in metal 
oxides and hydroxides [76-79], ion-exchanged zeolites [80-84], and supported 
metal oxides [85,86]. The EN values in the Pauling scale for loaded metals are 
in decreasing order from Mg (1.31), Ce (1.12), La (1.1), Ca (1.0), Sr (0.95), Na 
(0.93), K (0.82), to Cs (0.79), which is the opposite trend of base strength. When 
the specific formation rate of EB and BO for the SiO2 supported catalyst is 
compared with EN values of loaded metal (Figure 2-3), the specific activity 
tended to increase with decreasing order of EN. Therefore, this relationship 
indicates that stronger basic sites are more advantageous for dehydrative 
epoxidation. The specific activity of NaOx/SiO2 deviated slightly from the trend 
because of the significantly decreased surface area of the catalyst (13, 101, 115 
m2/g for NaOx/SiO2, KOx/SiO2, CsOx/SiO2, respectively). A Hammett indicator 







the SiO2 supported catalysts. The results of the Hammett indicator titration 
method are consistent with the base strength scale by EN of the loaded metal 
as the catalysts which consisted of a metal oxide with a high EN value showed 
a lower base strength (MgOx/SiO2, LaOx/SiO2, and CeOx/SiO2). However, the 
poor resolution of the method due to limitations in the availability of indicators 
made it difficult to distinguish the base strength of the catalysts within 8.2 < H_ 
< 15.0. Comparing the base strength determined by Hammett indicator 
titrations and activity for the dehydrative epoxidation, the catalysts with strong 











Figure 2-2. NH3-TPD profiles of the SiO2 supported basic metal oxide catalysts: 











Figure 2-3. Relationship between electronegativity (closed rectangle, left y axis) 









2.3.2.3 Structural characterization of the SiO2 supported alkali 
metal oxide catalysts 
 
Among the alkali metal oxides, CsOx/SiO2 was found to be exceptionally 
active for dehydrative epoxidation. This can be attributed, in part, to the 
stronger basicity of Cs than Na and K. However, difference in base strength 
does not appear to be sufficient to explain the exceptional performance of 
CsOx/SiO2. To identify other causes for this exceptional performance, the 
structural characteristics of the supported alkali metal oxides (NaOx/SiO2, 
KOx/SiO2, and CsOx/SiO2) are compared as well. 
The chemical states of alkali metal atoms in the catalysts were analyzed by 
XPS and ESR (Figure 2-4 and 2-5, respectively). The results indicate that alkali 
metal atoms on the catalysts are present as metal cations (M+), and did not 
exhibit any paramagnetic or diamagnetic properties, indicating the absence of 
superoxide (O2-) and peroxide (O22-) species. 
HR-TEM and STEM images of the SiO2 supported alkali metal oxide catalysts 
are shown in Figure 2-6. The images show the absence of crystalline alkali 
metal oxide phases and also show that the catalysts are microscopically 
homogeneous. No evidence was found to the formation of separated 
particulates or a crystalline phase. The absence of a crystalline phase was also 
supported by the results of XRD analysis. EDS mapping of the CsOx/SiO2 
catalyst clearly shows that the Cs atoms are well dispersed within the catalyst. 
The morphology of the SiO2 supported catalysts is similar to each other and is 







In contrast, the results of N2 adsorption-desorption analyses revealed that the 
pore structure and specific surface area of the catalysts are considerably 
different from one another. The BET surface area of the catalysts was 115, 101, 
and 13 m2/g for CsOx/SiO2, KOx/SiO2, and NaOx/SiO2, respectively. In the 
isotherm plots (Figure 2-7), a Type IV isotherm and a H3 hysteresis loop at P/P0 
= 0.8 – 1.0 indicates that inter-particular porosity is common for these catalysts. 
The inter-particular porosity decreased in the order of Cs < K < Na. This 
indicates that SiO2 particles were agglomerated by the loading of alkali metal 
oxides, the extent of which is in the order of Cs < K < Na. Moreover, the 
significant decrease in the surface area of NaOx/SiO2 can be attributed to the 
transformation of amorphous SiO2 to cristobalite by high temperature 
calcination as a frequently observed in Na-SiO2 system [87]. 
Local structures of the SiO2 supported alkali metal oxide catalysts were 
explored by means of 29Si CP/MAS NMR (Figure 2-8). In the results, the bare 
support (SiO2) shows a characteristic peak at -108 ppm which is assigned to Q4 
species of Si [88]. The slightly asymmetric shape (to positive chemical shift) of 
the peak indicates that Q3 species also exist in the support material. When 
sodium or potassium oxide was loaded on the support, the Q3 peak (-95 ppm) 
clearly increased. This change in the spectrum suggests that the highly cross-
linked silica network is disrupted by sodium and potassium, resulting in the 
formation of branching sites. In contrast, the shape of the NMR spectrum for 
CsOx/SiO2 was nearly identical to that of the bare support. The different extent 
of change in the local silicate structure can be attributed to the strength of 







Na+ < K+ [89]. Considering this trend of dissolving ability, the ionic radii of K+ 
(152 pm) which is smaller than Cs+ (182 pm), and the coarse framework of 
amorphous silica, K+ can more easily penetrate into the bulk layer of the support 
than Cs+ (Na+ is not compared since NaOx/SiO2 has a considerably lower 
specific surface area). Experimental evidence for the degree of penetration from 
XPS spectra of the O 1s orbital of KOx/SiO2 and CsOx/SiO2 is found as follows: 
When alkali metal oxides were loaded on the support, a new peak at near 530.5 
eV (OAlk) was appeared in O1s spectra due to the interaction of alkali metal 
cations with nearby oxygen atoms. When the OAlk and alkali metal cations are 
quantified, the atomic ratio of OAlk and alkali metal cations for KOx/SiO2 was 
determined to be 6.6, which is higher than that for CsOx/SiO2 (3.2). This result 
indicates that K+ is surrounded by a larger number of oxygen atoms than Cs+, 
which means that more K+ is located in the bulk layer of the SiO2 support. The 
penetrated K+ (and generated basic sites) in KOx/SiO2 would be not accessible 
for the reaction. Consequently, this structural difference between KOx/SiO2 and 
CsOx/SiO2 could contribute to the outstanding performance of CsOx/SiO2.  
Based on these results, it can be concluded that outstanding performance of 
CsOx/SiO2 among the SiO2 supported alkali metal oxide catalysts can be 
attributed to i) stronger basic sites induced by the loading of Cs+, ii) lower 
agglomeration of SiO2 particles and less decrease in specific surface area, and 
iii) sufficiently large ionic radius and lower extent of silicate dissolution that 









Figure 2-4. XPS spectra of the supported alkali metal oxides: a) Na 1s of 











Figure 2-5. ESR spectra of a) NaOx/SiO2, b) KOx/SiO2, c) CsOx/SiO2, d) 











Figure 2-6. HR-TEM images of a) NaOx/SiO2, b) KOx/SiO2, c) CsOx/SiO2, and 
d) HAADF-STEM image of CsOx/SiO2 and their corresponding elemental 










Figure 2-7. Isotherm plots of N2 adsorption-desorption analyses for the SiO2 



















2.3.3 Effect of preparation conditions in CsOx/SiO2 catalyst system 
 
To further understand the CsOx/SiO2 catalyst system in more detail, I studied 
the effect of preparation conditions including Cs2O wt.% loading and 
calcination temperature on the catalytic performance and the structure of the 
catalysts (the notation of xCsOx/SiO2-y is used to express the x wt.% loading 
of Cs2O and y K of calcination temperature). Furthermore, a stability test was 
performed for the optimum catalyst.  
 
2.3.3.1 Cs2O wt.% loading 
 
Figure 2-9a show the isotherm plots of N2 adsorption-desorption analyses for 
the CsOx/SiO2 catalysts with different amounts of loaded Cs2O. With increasing 
Cs2O wt.% loading, the specific BET surface area is continuously decreased 
from 177 m2/g (1CsOx/SiO2-823) to 147 (5CsOx/SiO2-823), 115 (10CsOx/SiO2-
823), and 49 m2/g (20CsOx/SiO2-823). Some extent of this decrease in surface 
area can be attributed to increased amounts of Cs2O. However, the effective 
SiO2 surface area is also decreased (179, 155, 127, and 61 m2/g for 1, 5, 10, and 
20CsOx/SiO2-823, respectively), which indicates that an increase in Cs2O 
content significantly influences the structure of the SiO2 support. In Figure 2-
9a, the hysteresis at P/P0 = 0.7~1.0 shifted to a higher P/P0 value and is 
considerably decreased with increasing Cs2O contents from 10 wt.% to 20 wt.%. 
This shift means that inter-particular porosity disappears due to agglomeration 







assigned to amorphous SiO2 (22o) is shifted to higher angle (24.5o for 
20CsOx/SiO2-823), indicating that large Cs atoms are intercalated between SiO2 
particles during the agglomeration process.  
The effect of Cs2O wt.% loading on catalytic activity are shown in Figure 2-
11 as a function of the surface density of Cs atoms. The results clearly show an 
increasing trend of specific activity with decreased surface density. The specific 
activity was 7.5 h-1 at a high surface density of 17 Cs/nm2 (20CsOx/SiO2-823), 
and was increased by 6-fold to 44.2 h-1 for 0.24 Cs/nm2 (1CsOx/SiO2-823). 
Importantly, such a high activity at very low surface density indicates that 
isolated Cs atoms on SiO2 make up the active center for dehydrative 
epoxidation. Moreover, the distance between active sites is also a crucial factor 
for the dehydrative epoxidation, as evidenced by a continuous increase in 
specific activity with decreasing surface density. 
 
2.3.3.2 Calcination temperature 
 
An increase in calcination temperature at a constant loading of Cs2O (1 wt.%) 
also affected the textural properties of the catalysts (Figure 2-10b). Below a 
calcination temperature of 923 K, the CsOx/SiO2 catalysts exhibits similar BET 
surface areas (174, 177, and 187 m2/g for 723, 823, and 923 K of calcination 
temperature, respectively). At a calcination temperature of 1023 K, the catalyst 
loses surface area significantly (123 m2/g). This considerable decrease in 
surface area can be attributed to the condensation of silanol groups as evidenced 







region is present in the range of 373 ~ 633 K, which is attributed to the removal 
of surface adsorbates such as water molecules. In the range of 633 ~ 983 K, the 
process is exothermic, and can be caused by the oxidation of carbonaceous 
substances which are produced from acetate groups of the cesium precursor. At 
temperatures over 983 K, the endothermic process becomes dominant, due to 
the condensation of silanol groups in the surface of SiO2 [61, 90]. The XRD 
patterns of these catalysts were almost identical and were different from the 
patterns for the catalysts with different Cs2O loading because only small 
amounts of Cs2O (1 wt.%) were loaded.  
In Table 2-3 (entry 1-4), the specific activity of the catalysts was considerably 
affected by a calcination temperature. Although similar specific BET surface 
area was estimated after the calcination at 723, 823, and 923 K, the specific 
activity was higher for catalysts prepared at higher temperature. In contrast, the 
calcination at 1023 K led to a decrease in the catalytic activity of the catalyst 
(1CsOx/SiO2-1023). The decreased activity caused by calcination at 1023 K can 
be attributed to the decreased surface area, which leads to a higher surface 
density of Cs atoms. On the other hand, an increase in specific activity 
calcination for 723 ~ 923 K could be related to carbonaceous species which are 
produced from the cesium precursor. As evidenced by the result of a DSC 
analysis (Figure 2-12), the oxidation of carbonaceous species is occurred in the 
range of 633 ~ 983 K. Therefore, carbonaceous species can be removed 
insufficiently in this range of a calcination temperature. Remained 
carbonaceous species can cover active sites and thereby can cause a decrease 







2.3.3.3 Stability test 
 
Using the optimum catalyst (1CsOx/SiO2-923), a long-time reaction test was 
performed to evaluate the stability of the catalyst. The specific activity at initial 
time (2 ~ 6 h) decreased rapidly from 59.3 h-1 to 40.1 h-1. The specific activity 
then decreased slightly with time, and became constant for 32.7 ~ 35.8 h-1 after 
13 h of reaction. The rapid decrease in activity at the initial time can be 











































































































































































































































































































































































































Figure 2-9. Isotherm plots of N2 adsorption-desorption analyses for the 
prepared CsOx/SiO2 catalysts: a) the catalysts with different Cs2O wt.% loading 










Figure 2-10. XRD patterns of the prepared CsOx/SiO2 catalysts: a) the catalysts 
with different Cs2O wt.% loading calcined at 823 K, b) 1Cs/SiO2 catalysts 









Figure 2-11. The specific activity of the CsOx/SiO2 catalysts calcined at 823 K 
as a function of surface density: 1CsOx/SiO2-823 (0.24 Cs/nm2), 5CsOx/SiO2-










Figure 2-12. Profile for the differential scanning calorimetry analysis of the as-
prepared 1CsOx/SiO2. Red and blue stripe zones indicate endothermic and 









Figure 2-13. 133Cs MAS NMR spectra of the supported cesium oxide catalysts: 








2.3.4 Effect of support: Significance of the SiO2 support 
 
The significance of the support in the dehydrative epoxidation was further 
investigated by a comparison of catalysts using different supports (Al2O3 and 
TiO2). CsOx/Al2O3 and CsOx/TiO2 catalysts were prepared at two different 
conditions to compare their catalytic activity at low and high surface densities. 
Similar to the CsOx/SiO2 catalyst, Cs atoms were present as Cs+ The textural 
properties of the prepared catalysts were characterized by means of N2 
adsorption-desorption, HR-TEM, and XRD analyses. In brief, crystalline 
cesium oxides were not observed in the catalysts, and the inter-particular 
porosity of the catalysts were similar (Type IV isotherm and H3 hysteresis loop 
at P/P0 = 0.8 – 1.0), ensuring that the internal diffusion of reactants was not a 
determining factor for catalytic activity. 
When Al2O3 and TiO2 were utilized as the support instead of SiO2, the catalytic 
activity for the dehydrative epoxidation was significantly decreased compared 
to CsOx/SiO2 catalysts (Table 2-3. Entry 3, 5-9). At low surface density, 
0.5CsOx/Al2O3-923 (entry 5) and 0.25CsOx/TiO2-923 (entry 6) produced trace 
amounts of EB and BO, as opposed to 1CsOx/SiO2-923. These two catalysts 
exhibited a considerably high specific formation rate of MEK and IBA. This 
rate would be an overestimated value, as the formation of MEK and IBA can 
be attributed to the intrinsically reactive sites of Al2O3 and TiO2 rather than the 
basic sites formed by Cs atoms [91-93]. Moreover, by-products, such as 3-
hydroxy-2-butanone, 2,3-butanedione, t-butanol, and 2-butanol were also 







such as dehydrogenation, hydrogenation, and undesired dehydration reactions. 
For CsOx/Al2O3 and CsOx/TiO2 at a high surface density level (entry 8 and 9), 
the formation of MEK and IBA was suppressed due to a decrease in the 
exposed surface of Al2O3 and TiO2, and quantifiable amounts of EB and BO 
were produced as well. However, the specific activity was still considerably 
lower than that for the CsOx/SiO2 catalysts. 
It appeared that not only the loaded Cs atoms, but the SiO2 support also plays 
a crucial role in catalyzing dehydrative epoxidation. This significance of SiO2 
indicates that the properties of a basic site can vary considerably, depending on 
the support, or another promotional effect of a support occurs. In this regard, 
the base strength and local environment of Cs atoms in the supported Cs 
catalysts were compared to determine how strong the influence of a support is 
on the properties of a basic site. 
The base strength of the catalysts were compared by a Hammett indicator 
titration method. Among the catalysts, 10CsOx/Al2O3 exhibited the strongest 
base strength of H_ > 15.0. Other catalysts showed the comparable base 
strength of 8.2 < H_ < 15.0, except for 0.25CsOx/TiO2-923 that the base 
strength was determined to be 6.8 < H_ < 8.2. The results indicate that the base 
strength can be considerably affected by the type of support. 
The local structure of Cs+ on the supported cesium oxide catalysts was 
examined by 133Cs MAS NMR spectroscopy. At a low surface density (Figure 
2-13a), Cs atoms in 1CsOx/SiO2 are more negatively shielded (-36 ppm) than 
those in 0.5CsOx/Al2O3 (28 ppm) and 0.25CsOx/TiO2 (-7 ppm). This order of 







(Figure 2-13b), but the characteristic peak was slightly shifted to a positive 
value (-14, 33, and 26 ppm for 10CsOx/SiO2, 10CsOx/Al2O3, and 10CsOx/TiO2, 
respectively). The values of the chemical shift for the CsOx/SiO2 and 
CsOx/Al2O3 catalysts are similar to the reported values of Cs+ exchanged 
silicate and boehmite [69]. It is important to note that the chemical shift is 
closely related to the interaction between Cs+ and surface oxygen, the extent of 
which becomes stronger for a more negative chemical shift. Therefore, the more 
shielded (negative) chemical shift for CsOx/SiO2 catalysts indicates that Cs+ in 
CsOx/SiO2 is more tightly bonded to surface oxygen than Cs+ in CsOx/Al2O3 
and CsOx/TiO2. In addition, the positive shift for a high surface density means 
that the interaction is weakened when the distance between Cs atoms becomes 
shorter. Since the ionic radius of cesium is large (181 pm), Cs+ which is weakly 
bonded to the surface would hinder the adsorption of reactant molecule on 
surface basic sites, resulting in a decreased activity. In addition, Cs+ can be 
unstable when reaction conditions involve water molecules due to rapid 
leaching [69]. The variation in chemical shift for different supports can be 
attributed to the surface charge of the supports. The point of zero charge (PZC) 
for Al2O3 (Aeroxide® AluC) and TiO2 (Aeroxide® P25) is 9 and 6.4, 
respectively, and these values are considerably higher than the 2.7 of PZC for 
SiO2 (Aerosil® 200) [94]. The higher PZC value for Al2O3 and TiO2 means that 
a less negative surface charge is present, which can result in weaker interactions 
between Cs+ and surface oxygen atoms. This trend in PZC values is also in 







Based on these results, the type of support can have an effect on base strength, 
accessibility of basic sites, and stability of Cs+ ions. However, the results do not 
clearly explain the extraordinary effect of SiO2 support because base strength 
of 10CsOx/Al2O3 is stronger than that of CsOx/SiO2 catalysts, and the extent of 
difference in the local environment of Cs+ ion does not appear to be so 
significant. Hence, there would be other promotional function of SiO2 support 
that makes CsOx/SiO2 outstanding in the dehydrative epoxidation. The 
promotional function of the SiO2 support is further discussed in section 2.3.6.3, 
based on the results of DFT calculations. 
 
2.3.5 Stereochemistry in the dehydrative epoxidation 
 
The cis/trans ratio of epoxide EB in the products presents an important 
stereochemical footprint during the dehydrative epoxidation. In our 
experiments, a mixture of isomers of BD was used (meso: 77%, racemic: 23%), 
and the trans-EB was dominant in the products (Figure 2-14a). For precise 
information, pure meso-2,3-butanediol (mBD) was utilized as a reactant, and 
thereby the proportion of trans-EB increased to 96% from 80% for the mixed 
isomers of BD. Based on these results, it appears that the mBD is selectively 
converted to trans-EB via the dehydrative epoxidation. Similarly, cis-EB could 
be derived from racemic-2,3-butanediol (rBD) as well. This indicates that the 
reaction is stereoselective or stereospecific since configuration of one chiral 
center is inverted ((R,S) of mBD to (S,S or R,R) of trans-EB, and (S,S or R,R) 







Regarding the conformations and related energies of mBD, it was reported 
that a gauche-arrangement of O-C-C-O (gauche-mBD) is much favored in the 
gas phase over the anti-arrangement (anti-mBD) due to the stabilization by 
intramolecular hydrogen bonding and/or so called “gauche effect” [95]. 
Comparing the dihedral angle of the C-C-C-C for diol mBD and epoxide EB, 
the structure of gauche-mBD is similar to that of cis-EB rather than trans-EB. 
In order to have the selective conversion of stable gauche-mBD to trans-EB, 
the dehydrative epoxidation of mBD should involve a rotation on the C2-C3 
axes of the molecule during the reaction. 
There are three possible paths for the selective conversion with gauche-mBD: 
A rotation followed by dehydration, simultaneous rotation and dehydration, and 
dehydration followed by rotation (Figure 2-14b. path 1, path 2, and path 3, 
respectively). Feasibility of each path was examined by DFT calculations and 
is discussed below. In addition, the path 3 was verified experimentally to be 










Figure 2-14. a) Conformational effect of the reactant on the dehydration of 2,3-










2.3.6 Mechanism of the dehydrative epoxidation reaction 
 
To further understand the dehydrative epoxidation and its reaction mechanism, 
DFT calculations were performed on the model surface of CsOx/SiO2 catalyst. 
In this investigation, the stereochemistry in the dehydrative epoxidation was 
considered. 
 
2.3.6.1 DFT calculations: meso-2,3-butanediol in the gas-phase and 
in the adsorption on the model surface of CsOx/SiO2 
 
DFT calculations were performed at the PBE-D2 level of theory. In order to 
model the surface of the CsOx/SiO2, a SiO2 surface was first constructed based 
on previous reports [64,96-98] and Cs ion was then exchanged with proton of 
surface silanol group. The site of exchange plays the role of a basic site (Obase). 
For efficient calculations, the surface density of 1.0 Cs/nm2 was utilized instead 
of the value for the optimum catalyst (0.24 Cs/nm2 for 1CsOx/SiO2-923). 
Detailed descriptions of the modelled CsOx/SiO2 surface are shown in Figure 
2-15. Table 2-4 summarizes relative energies and important geometrical 
parameters obtained from the DFT calculations. 
The gas-phase structures of mBD with different conformations were 
optimized and the activation barrier for the rotation of gauche-mBD to anti-
mBD was calculated. The structure of gauche-mBD is quite similar to that of 
previous reports [95] which showed the existence of intramolecular hydrogen 
bonding between adjacent hydroxyl groups. This intramolecular hydrogen 







mBD is more stable than anti-mBD (9 kJ/mol). It was reported that gauche-
mBD exclusively presented in the gas-phase about 90% at a temperature of 298 
K due to this difference of energy [95]. In order to have a rotation from the most 
stable gauche-mBD to anti-mBD, somewhat high energy barrier of 22 kJ/mol 
is required. 
Through the systematic screening of the surface adsorption sites for anti-mBD 
and gauche-mBD, the most stable adsorption geometries for anti-mBD and 
gauche-mBD were found (Figure 2-16). It is important to note that the presence 
of interactions between Hα and Obase site has a considerable effect on the 
adsorption energy of the molecule. When the interaction between Hα and Obase 
is absent, the adsorption is weakened and the adsorption energy changes up to 
‒61 kJ/mol. Therefore, the basic site (Obase) is a major adsorption site on the 
CsOx/SiO2 catalyst. The adsorption energies (ΔEads) for anti-mBD and gauche-
mBD were ‒118 kJ/mol and ‒158 kJ/mol, respectively. Therefore, gauche-
mBD is energetically favored over anti-mBD in the adsorption on CsOx/SiO2 
surface as well as in the gas-phase. The stronger adsorption of gauche-mBD 
can be primarily attributed to the larger extent of hydrogen bonding with the 
surface. In case of the gauche-mBD adsorption, Oα‒Hα is adsorbed on Obase site 
with hydrogen bonding (Obase---Hα, 1.72 Å), and another Oβ-Hβ site enters into two 
types of hydrogen bonding situations with HSi and OSi (Oβ---HSi, 1.55 Å; OSi---Hβ, 
1.66 Å). In contrast, the adsorption of anti-mBD is only involved in two 
hydrogen bonding situations with the CsOx/SiO2 surface (Obase---Hα, 1.63 Å; 







than gauche-arrangement in the gas-phase (9 kJ/mol) is also one reason for the 
smaller adsorption energy of anti-mBD. 
The adsorption geometries of mBD allude the expected role of basic site as 
well as importance of surface hydroxyl site on dehydrative epoxidation. In the 
geometries, the bond lengths of Oα-Hα and C3-Oβ are slightly elongated upon 

















































































































































































































































































































































































































































































































































































































































































Figure 2-15. Periodic supercell of CsOx/SiO2 model surface. Blue dotted line 
indicates periodic boundary of the system. Bond distance between Obase and Cs+ 
(represented by orange line) is 2.88 Å, which is quite similar value with 









Figure 2-16. The most stable geometries for the adsorption of gauche-mBD (a-
1, top view; a-2, rotated view) and anti-mBD (b-1, top view; b-2, rotated view) 
on the model surface of CsOx/SiO2. Hydrogen atoms attached to carbon atoms 
are not present for a clear description. Obase, HSi, and OSi represent basic site, 
silanol proton, and surface oxygen of SiO2, respectively. Oα-Hα and Oβ-Hβ 
indicate hydroxyl groups of mBD. Calculations were performed at the PBE-D2 








2.3.6.2 DFT calculations: Clarification of the mechanism for the 
dehydrative epoxidation of 2,3-butanediol  
 
Figure 2-17 presents transition state structures for the dehydrative epoxidation 
of mBD with different conformational changes and a relative energy diagram 
over reaction coordinates. The three calculated transition states (Figure 2-17a, 
b, and c) correspond to the dehydration reaction of the paths in Figure 2-17b 
(path 1, path 2, and path 3, respectively. They are briefly summarized at the top 
of Figure 2-17).  
Considering the energy diagram at initial stage of reaction coordinate (Figure 
2-17d), the path 1 is relatively unfavorable than the other paths because of the 
required energy for the rotation from gauche-mBD into anti-mBD (22 kJ/mol) 
and relatively unstable geometries for anti-mBD (values for energy difference 
between anti-mBD and gauche-mBD are 9 and 40 kJ/mol in the gas phase and 
in the adsorption, respectively). However, the activation barrier (ΔEA) for TS1 
(160 kJ/mol) in the path 1 is significantly lower than that for TS2 (292 kJ/mol) 
and TS3 (276 kJ/mol). It is important to note that the difference in ΔEA (TS1 vs. 
TS2 and TS3) is much larger than the difference between anti-mBD and 
gauche-mBD in the gas phase and in the adsorption. Therefore, the path 1 is 
the energetically most probable path for the dehydrative epoxidation although 
adsorption geometry for gauche-mBD is more stable than that for anti-mBD. 








When the transition state structure is considered for the most probable path 
(TS1, Figure 2-17a), it is found that surface hydroxyl site of SiO2 is involved 
to produce H2O during the dehydrative epoxidation. In the structure, the silanol 
hydrogen (HSi) is transferred to the Oβ-Hβ hydroxyl group, resulting in the 
elimination of H2O from anti-mBD. Simultaneously, the Obase accepts the Hα, 
making the Oα nucleophilic prior to forming an epoxide ring. Hence, the 
structure indicates that both the surface hydroxyl site and the basic site are 
required for the dehydrative epoxidation of mBD. As similar to the structure of 
TS1, the transition state structure in path 2 (Figure 2-17b. TS2, gauche-mBD 
to trans-EB) also showed the involvement of the silanol hydrogen (HSi) in the 
elimination of H2O. However, the distortion of carbon backbone is quite 
different in this case. Dihedral angle of C1-C2-C3-C4 in TS1 is 152o, which is 
almost identical to that for trans-EB (152o in gas-phase, 154o after adsorption). 
In contrast, the dihedral angle in TS2 is 105.0o which is significantly distorted 
from the value for trans-EB. Single point calculations on the organic molecules 
in TS1 and TS2 estimates the extent of distortion at 77 kJ/mol. This value is 
comparable to 92 kJ/mol for the difference in transition state energy (ETS2 - ETS1), 
which indicates that the distortion in the organic molecule is a major contributor 
to the higher activation barrier of TS2. As opposed to TS1 and TS2, the 
participation of a silanol hydrogen did not occur in the transition state structure 
of path 3 (Figure 2-17c TS3, gauche-mBD to cis-EB). Hα is directly transfered 








Figure 2-17. Transition state structures of anti-mBD to trans-EB (a-1. top view; 
a-2. rotated view), gauche-mBD to trans-EB (b-1. top view; b-2. rotated view), 
and gauche-mBD to cis-EB (c-1. top view; c-2. rotated view); Hydrogen atoms 
attached to carbon atoms are not present for a clear description. d) Total energy 
diagram for the dehydrative epoxidation of mBD over the model surface of 
CsOx/SiO2. (anti-, gauche-, adsorption, and transition state are shortened as A-, 
G-, ads, and TS, respectively). Calculations were performed at the PBE-D2 









In the optimized adsorption geometries and transition state structure from the 
DFT calculations, it was found that not only the basic site, but also the surface 
hydroxyl site of the support are involved in dehydrative epoxidation. 
Importantly, the involvement of the surface hydroxyl site could explain the 
promotional effect of the support discussed in section 3.4. The proton in the 
hydroxyl site participates in the elimination of H2O, indicating that the acidity 
of the proton could be important in this function. In this regard, the point of 
zero charge (PZC) of support is closely related to the acidity of protons of 
surface hydroxyl sites as the surface charge of oxides can typically change by 
the gain and loss of a proton. A low PZC means that the surface of the oxide 
favors a negatively charged state by losing its proton. Therefore, since the PZC 
of SiO2 is lower (2.7), the surface hydroxyl site of SiO2 would contain a more 
acidic proton than Al2O3 and TiO2 (PZC = 9 and 6.4, respectively) and could be 
more effective in terms of the elimination of H2O. It is noteworthy that the trend 
in PZC values of the supports is consistent with the trend for specific activity 
among 10CsOx/SiO2-823, 10CsOx/Al2O3-823, and 10CsOx/TiO2-823. Based on 
these results, it can be concluded that the promotional effect of the support 
originates from the role of the surface hydroxyl site in the elimination of H2O, 
and the relatively higher acidity of protons in the surface hydroxyl sites of the 
SiO2 support contributes the outstanding performance of CsOx/SiO2 on the 
dehydrative epoxidation. 







mechanism for dehydrative epoxidation of mBD is proposed (Scheme 2-2). The 
dehydrative epoxidation of mBD results in the selective formation of trans-EB, 
since the reaction with the conformational change of mBD in an anti-
arrangement of O-C-C-O to trans-EB has a considerably lower activation 
barrier than the other conformational change. In this conformational change, 
the chirality of the carbon from which the hydroxyl group is eliminated is 
inverted by the backside attack of an anionic oxygen ((R,S) of mBD to give 
(R,R) of trans-EB in this model case). This inversion is quite similar to that for 
an SN2 type of substitution reaction [95] and suggests that the reaction is 
stereospecific. The mechanism of the dehydrative epoxidation is quite different 
from typical dehydration reactions which proceed via an elimination 
mechanism (E1, E2) [100]. The dehydrative epoxidation of other vicinal diols 
could occur in a manner similar to that for mBD. The sequence of the proposed 
mechanism is analogous to that for the dehydration of monoethanolamine to 
ethyleneimine which involves both weak acid and basic sites [73]. However, 
the higher basicity of the -NH2 group in monoethanolamine would make the 
reaction easier to be induced, even by SiO2, thus making it different from 



































































































































2.3.7 Conversion of 2,3-epoxybutane into 1,3-butadiene 
 
2.3.7.1 Precursor for 1,3-butadiene production 
 
Compared to the products from acid catalyzed dehydration of BD (i.e. MEK 
and IBA), EB is much reactive due to the presence of epoxide ring. This 
reactivity can provide the chance for further dehydration into 1,3-butadiene. 
However, reaction of EB over acidic Al-MCM-41 catalyst resulted in dominant 
formation of MEK and showed low selectivity toward 1,3-butadiene (19% 
yield at total conversion, Figure 2-18). On the other hand, BO which is 
isomerized product of EB was very attractive precursor as high 1,3-butadiene 
yield of 97% was achieved with this reactant. Based on these results, EB itself 
is not suitable precursor for the production of 1,3-butadiene, and the 









Figure 2-18. Results for reaction of trans-EB, BO, and MEK over acidic Al-
MCM-41 catalyst. Reaction condition: Fixed-bed flow reactor, Trxn = 523 K for 








2.3.7.2 Isomerization of 2,3-epoxybutane to 3-buten-2-ol 
 
Basic lithium phosphate (Li3PO4) was utilized as an catalyst for the 
isomerization of EB to BO. This catalyst was previously utilized in the 
isomerization of propylene oxide into allyl alcohol [19], which process is 
analogous to the isomerization of EB to BO.  
Reaction results using cis-EB and trans-EB are shown in Figure 2-19. Both 
the cis- and trans-EB were selectively converted to BO, but the use of trans-
EB resulted in a more selective reaction (92, 75 % for trans-EB and cis-EB, 
respectively). In the case of trans-EB isomerization, BO was major product and 
MEK was minor product. In contrast, the reaction of cis-EB produced trans-
EB and rBD as well as BO and MEK. This difference between cis- and trans-
EB could be caused by relative stability of EB molecule. In the selction 2.3.5, 
it was found that trans-EB is more energetically stable than cis-EB (11 kJ/mol). 
Therefore, at certain transition state, cis-EB can isomerize to trans-EB 










Figure 2-19. Resultis for reaction of trans-EB (left) and cis-EB (right) over 
basic lithium phosphate catalyst. Reaction condition: Fixed-bed flow reactor, 








2.3.8 Heterogeneous catalytic process for the production of 1,3-
butadiene 
 
On the basis of this study, heterogeneous catalytic process is proposed as 
Scheme 2-3. At the first reactor, the dehydrative epoxidation of BD over 
CsOx/SiO2 catalyst produces EB and BO with high selectivity. Since the boiling 
point (BP) of BD (184 oC) is considerably higher than EB, BO, and MEK (55, 
97, and 80 oC, respectively), unreacted 2,3-butanediol could be easily recovered. 
EB in the low BP products is further isomerized to BO at the second reactor. 
The downstream of the second reactor contains EB, BO, and MEK. As 
difference in BP between EB and MEK is higher than that between BO and 
MEK, separating EB from the downstream is easier to be carried out. The 
separated EB is recycled to the second reactor, and BO is further dehydrated 
into 1,3-butadiene at the third reactor. The produced 1,3-butadiene has 
considerably low boiling point of -4.5 oC, thus separation between 1,3-












































































Chapter 3. Mesoporous Solid Acid Catalyst for the 




The development of new solid acid catalysts has been essential in terms of 
replacing conventional homogeneous catalysts which are not only harmful to 
the environment, but also cause process problems [102]. A number of solid 
acids have been examined for this purpose, but all have certain limitations. For 
example, the small pores (< 2 nm) of zeolites make them difficult to use in 
reactions that involve the use of high molecular weight components. Sulfated 
zirconia catalysts, well known superacids, become deactivated during reactions, 
with the release of volatile sulfur-containing pollutants [103,104]. Solid acids 
based on supported metal oxides are potential candidates for replacing 
conventional mineral acids and chlorided Pt/Al2O3, which are harmful to the 
environment [105]. Among these types of catalysts, tungstated zirconia 
(WOx/ZrO2) catalysts have attracted interest, since Hino and Arata first 
discovered their strong acidity and low-temperature activity for light alkane 
isomerization [43]. It has been reported to have a high activity for alkane 
isomerization and the dehydration of alcohols [44-46]. The higher thermal and 
chemical stabilities of WOx/ZrO2 make them attractive for use in a variety of 
industrial processes [43,46]. They have the potential for use in commercial 







formation of xylene from toluene and methanol, and the oligomerization of 
lower molecular weight alkanes to gasoline, diesel and lubricants [106-109]. 
Not only the application of WOx/ZrO2 catalysts, but also the origin of their 
activity has been investigated by various characterization methods. Many 
investigators have attempted to find correlations between the structure of 
tungstate and catalytic activity [44,46,110-122]. Several proposed models and 
general surface species, including monotungstate, polytungstate and crystalline 
WO3 have been proposed.  The proposed active sites are as follows: i) slightly 
reduced polytungstate formed in-situ generated strong acid sites during 
reactions [44,111-113,138,139], ii) a balance between strong Brønsted acidity 
and Lewis acidity is required for a high activity [46,116,117], iii) zirconium 
incorporated tungstate clusters formed on WOx/ZrO2 produce charge 
compensating protons as strong Brønsted acids [110,114,115,120-122]. 
Regardless of the proposed models, it is generally accepted that the strong 
acidity is due to the strong interaction between zirconia and tungstate or by the 
presence of Zr-WOx clusters. However, even though extensive research into the 
active site has been reported, methods for improving the activity of WOx/ZrO2 
catalysts are generally not available. In addition, the low surface area of ZrO2 
(< 100 m2/g) is a disadvantage in catalytic reactions, especially liquid phase 
reactions. 
In order to improve WOx/ZrO2 catalysts, ordered mesoporous Zr-WOx/SiO2 
with a high surface area and a high density of Zr-WOx clusters is prepared. To 
optimize the density of the Zr-WOx clusters, the Zr/W ratio was varied to 







possible to investigate not only the enhanced population of Zr-WOx clusters, 
but also to obtain quantitative information, which results in a better 
understanding of the catalysts. The structure of the tungstate present on the 
prepared catalysts was characterized using a variety of characterization 
methods. Qualitative and quantitative data of acidity were collected to find the 
influence of the structure of tungstate, especially Zr-WOx clusters. Finally, the 
performance of the materials as an acid catalyst was examined for the 
esterification of 1-butanol with acetic acid and the results were compared with 











3.2.1 Preparation of mesoporous Zr-WOx/SiO2 
 
Sodium tungstate dihydrate (Na2WO4•2H2O), zirconium butoxide solution 
(Zr(OC4H9)4), tetraethyl orthosilicate (TEOS) were purchased from Sigma-
Aldrich; and hydrochloric acid (35-37%) was purchased from Samchun 
chemical.  
To facilitate the formation of Zr-WOx clusters, the sequential hydrolysis of 
zirconium and tungsten was introduced to the preparation procedure. A typical 
Zr-WOx/SiO2 synthesis was as follows: P123 (3.26 g, 0.562 mmol) was 
dissolved in H2O (100 ml, 5.56 mol) and stirred until a clear solution was 
obtained. HCl (8.6 ml, 0.089 mol) was then added to the solution. A zirconium 
butoxide ethanol solution (v/v=1) was added dropwisely to the solution with 
vigorous stirring. Due to the rapid hydrolysis and condensation of zirconium 
butoxide in water, a white precipitate was formed immediately and gradually 
disappeared with stirring. After the solution became clear, an aqueous solution 
of sodium tungstate (3 ml) was added dropwisely and the solution stirred for 1h 
to insure the formation of pre-Zr-WOx clusters. To obtain the same weight 
percent of tungstate (30 wt%) with different Zr/W ratio, amount of Zr(OC4H9)4 
and Na2WO4•2H2O were adjusted to 0~4.48 mmol and 3.47~4.48 mmol, 
respectively. TEOS (6.9 ml, 31 mmol) was then introduced and heated at 40 oC 
for 24 h with stirring. Subsequently, hydrothermal treat was carried out at 100 







ethanol and de-ionized water several time to remove sodium ion and remained 
acid. The filtered precipitate was dried at 80 oC overnight and then calcined at 
550 oC for 3 h. The catalysts are denoted simply as ‘WZrX’, where X indicates 





The N2 physisorption were carried out on a Micrometrics ASAP-2010 system. 
The total surface area of the samples was calculated by the BET method 
(P/Po=0.1~0.2). The pore volume and pore size distributions were obtained 
from the desorption branches of the isotherms using BJH methods. High 
resolution transmission electron micrograph (HR-TEM) images were obtained 
on a JEOL JEM-3010 microscope using bright field (BF) mode with an 
acceleration voltage of 300 kV. The X-ray diffraction (XRD) patterns were 
measured by a Rigaku D-MAX2500-PC powder X-ray diffractometer with Cu 
Kα radiation (1.5406 Å) in an operating mode of 50kV and 100mV. 
X-ray photoelectron spectroscopy (XPS) spectra were recorded using a 
KRATOS AXIS electron spectrometer equipped with MgKα radiation. All of 
the binding energy of the peaks was referred to the C1s at 284.6 eV. Binding 
energies were reported within an experimental error of ±0.2 eV. Ultraviolet-
visible (UV-Vis) spectra were recorded with a Jasco V670 spectrometer with 
diffuse reflectance spectroscopy (DRS) unit. The powdery sample was loaded 







NH3 temperature programmed desorption (TPD) was carried out using 
Micrometrics Autochem II chemisorption analyzer. Prior to the analysis, a 0.1g 
of sample was treated at 400 oC for 1h under a He flow. After cooling to 50 oC, 
the sample was saturated by treatment with a 10.2% NH3/He flow. The 
physisorbted NH3 was eliminated by flushing with a stream of He at 100 oC. 
After cooling to 50 oC, the TCD signal was recorded while the temperature was 
increased to 600 oC at a rate of 10 oC/min under a flow of He. In-situ FTIR 
spectra of NH3 adsorption were measured with a Midac spectrometer (model 
2100). A self-supported pellet containing about a 50 mg sample was placed in 
an In-situ IR cell, designed by Moon et al.[123] The pellet was pretreated at 
250 oC under a He flow for 1 h. After cooling to room temperature, the pellet 
was exposed to NH3 gas of 20 Torr pressure for 3 min. Desorption of NH3 was 
performed by evacuation at different temperatures (30, 150 and 250 oC). The 
spectrum was recorded after desorption at each temperature. To quantify the 
Bronste/Lewis acidity, the previously reported peak area-amount correlation is 
used [124]. NH4+ symmetric stretching (~1450 cm-1, Brønsted acid site) is 
typically seven-times more sensitive to asymmetric deformation of NH3 
coordinated to a Lewis acid site (~1610 cm-1). To adjust for this, the peak area 
of the Brønsted acid site was divided by 7. In order to quantify the amounts of 
Bronsted acid sites, it was assumed that total acid amounts obtained from NH3 










3.2.3 Acid catalyzed reaction 
 
Esterification of 1-butanol and acetic acid was carried out on a closed 
autoclave reactor with magnetic stirrer. Typically, 18.5ml of 1-butanol (200 
mmol) and 11.5ml of acetic acid (200 mmol) were added to reactor. A 0.2 g 
sample was then introduced to the reactant. The reactor was heated to 150oC 
and maintained for 4 h. Product was separated from the catalysts and analyzed 
by gas chromatography (Younglin ACME 6100 instrument) equipped with a 









3.3 Results and discussion 
 
3.3.1 Textural properties 
 
Detailed pore structure and surface area of the materials were investigated by 
N2 physisorption and the results are shown in Figure 3-1 and Table 3-1. An 
isotherm plot and pore size distribution of the catalysts are shown in Figure 3-
1. The WZr0 to WZr5 samples show a Type IV isotherm and H1 hysteresis loop 
between P/P0=0.6~0.8. This is caused by ordered cylindrical pores similar to 
mesoporous silicate, i.e., SBA-15. However, the WZr10 sample showed a 
broader hysteresis loop. Correspondingly, the WZr0 and WZr5 samples had a 
uniform pore size of about 5 nm and WZr10 had a smaller pore size with a non-
uniform distribution. The different hysteresis loop and corresponding pore 
structure might be due to the penetration of zirconium into SiO2 framework, as 
previously reported [117]. 
Table 3-1 shows the BET surface area, average pore size, and pore volume of 
the prepared catalysts. Except for WZr5 and WZr10, a high BET surface area 
of over 500 m2/g was found. Compared to WZr0, the BET surface area 
increased slightly by the addition of a small amount of zirconium (WZr1), but 
then decreased gradually with increasing amounts of zirconium. The average 
pore size of the WZrX catalysts was about 5.3nm, except for WZr10, which has 
a smaller size of about 4.4 nm. 
Three possible crystalline phases could be present on WOx/ZrO2, namely, 







crystalline structures of ZrO2 are not crucial factors for activity. However, the 
formation of monoclinic WO3 is known as a ‘boundary point of decreasing 
activity’ on the volcano relationship between activity and WOx loading [120]. 
XRD data for the prepared catalysts reveal the presence of monoclinic WO3 for 
WZr0 and WZr1 (Figure 3-2 a, b). WZr3, WZr5 and WZr10 showed only a 
broad peak near 25o due to silica. No peaks corresponding to crystalline ZrO2 
were found for any of the catalysts. It is known that tungstate inhibits the 
crystallization of zirconia [45,120]. Similarly the addition of zirconium inhibits 
the aggregation of tungstate and results in the elimination of crystalline WO3. 
Importantly, gradual shift of the peak appeared from amorphous SiO2 also 
supports the insertion of Zr in SiO2 framework. 
To verify the results of N2 physisorption and XRD, transmission electron 
microscopy was carried out to directly image the prepared catalysts. The results 
were consistent with the N2 physisorption and XRD results. For WZr0 and 
WZr1, monoclinic WO3 was formed and separated from mesoporous silica 
(Figure 3-3 inset) and an ordered cylindrical pore was found on WZr0 to WZr5, 
















WZr0 575 5.3 0.805 
WZr1 629 5.1 0.874 
WZr3 558 5.3 0.814 
WZr5 477 5.5 0.699 










Figure 3-1. Isotherm plot (left) and pore size distribution (right): a) WZr0, b) 



















Figure 3-3. TEM images of WZrX catalysts: a) WZr0, b) WZr1, c) WZr3, d) 








3.3.2 The nature of tungstate on WZrX catalysts 
 
X-ray photoelectron spectroscopy has been used to correlate the oxidation 
state and acidity of WOx/ZrO2 catalysts [132-134]. M.A. Corte´s-Ja´come et al. 
reported a trend in the XPS results for WOx/ZrO2 catalysts prepared at different 
calcination temperatures [132]. They confirmed that a large portion of the W5+ 
was present in the case of catalysts calcined at 560 oC, while no W5+ was found 
for samples calcined at 700 oC. Some of the W5+ was formed again when the 
preparation was calcined at 800 oC. Among these catalysts, calcination at 700 
oC resulted in the largest amount of Brønsted acidity, but there was no clear 
relation between the oxidation state of W and acidity. However, it is obvious 
that the state of W is an important factor and that it could affect the acidity of 
tungstate.  
XPS results for the WZrX catalysts revealed not only changes in the oxidation 
state, but also important evidence for the presence of Zr-WOx clusters. Figure 
3-4 shows XPS spectra of the W4f region. W4f consists of two spin-orbit 
components. The peak at 35.7±0.2 eV and 37.8±0.2 eV is assigned to W6+ 
species [132]. The W5+ species show two peaks at 34.7±0.2 eV and 36.8±0.2 
eV. A relatively large amount of tungsten (about 17 %) exists as W5+ on WZr0. 
Full width at half maximum of the peak for W6+ (2.88 eV) is larger than that for 
the other catalysts, which indicates that a more diverse state of tungstate was 
formed. A small amount of added zirconium results in a significant decrease in 
the amount of W5+ (8%) as well as the narrowing of the W6+ peak (FWHM=2.32 







and WZr10. It is interesting to note that the presence of Zr has a significant 
effect on the oxidation state of W, which supports the strong interaction 
between Zr and W. 
O1s spectra of the WZrX catalysts provided important evidence for the 
location of zirconium (Figure 3-5). Because zirconium was not included in the 
WZr0 catalyst, there would be two peaks, from SiO2 and WOX, in the O1s 
region. As can be seen in Figure 3-5, the O1s spectrum is clearly distinguished 
by the two peaks (532.8, 530.6 eV). The binding energy of each peak is similar 
to that of SiO2 (532.6~533.3 eV) and WO3 (530.2~530.8eV), which can be 
reasonably deconvoluted. Herein, O1s (Si) and O1s (tail) are denoted for the 
larger peak (532.8 eV) and the smaller one (530.6 eV), respectively. 
Because WZr0 contains no zirconium, the O1s (tail) peak is solely contributed 
by tungstate. When the amount of zirconium in the catalysts is increased, the 
growth of O1s (tail) would be expected to be due to the similar binding energy 
of ZrO2 (530.2~530.9 eV) and WO3 (530.2~530.8 eV). However, the area ratio 
of O1s (tail) and O1s (Si) is almost the same for WZr0, WZr1, and WZr3 (0.041, 
0.043, and 0.044, respectively). The ratio slightly increases to 0.055 for WZrX 
5, and then suddenly increases to 0.21 for WZr10. This trend reveals important 
structural information related to the catalysts, especially the location of Zr.  
Scheme 3-1 describes the influence of Zr insertion on different locations. 
When Zr is located on tungstate, the oxygen of W-O-Zr would be not much 
different from the original W-O-H or W-O-W due to the similar O1s binding 
energy of WO3 and ZrO2. Hence, the O1s (tail)/O1s (Si) ratio is retained. 







Because the O1s binding energy is significantly different between SiO2 and 
ZrO2, O1s (tail) would be increased. Based on this assumption, this explains 
that the similar O1s (tail)/O1s (Si) ratio of WZr0, WZr1 and WZr3 is due to Zr 
is located on tungstate rather than on the SiO2 framework. A slight increase in 
the ratio for WZr5 means that Zr starts to form in silicate as well as tungstate. 
For WZr10, the ratio is significantly increased to 0.21, which would result in a 
disordered cylindrical pore structure (consistent with the TEM images). 
Tungstate based catalysts, including WOx/ZrO2, have been extensively studied, 
in attempts to determine the active site and to correlate the structure with 
activity [115,119,120,126-132]. Raman spectroscopy data for WOx/ZrO2 
revealed that the presence of Zr-WOx and tungstate with Keggin like structures 
[115,119,127]. Previous investigators attempted to determine the nature of the 
coordination and bonding of tungstate present in active WOx/ZrO2 [130,131]. 
Even though no significant differences between active and non-active catalysts 
were found, it was revealed that tungstate is mainly comprised of ‘edge-shared 
octahedra’ rather than corner-shared octahedra. Among the various 
characterizations, ultraviolet-visible spectroscopy also has been utilized to 
investigate the structure of tungstate [115,119,120,126-128]. On tungstate 
based materials, a sharp absorption between 2.6 eV and 3.6 eV is typically 
found, which is caused by ligand-to-metal charge transfer (O2p→W5d) [119]. 
The absorption edge energy (Eg) is affected by several factors: i) the tungstate 
domain size (confinement effect), ii) the structure of the tungstate, iii) effect of 
the support [119]. There might be some differences in the tungstate structure 







the presence of silicate. However, both WOx/ZrO2 and WOx/SiO2, which have 
been previously studied, showed edge-shared units with Keggin-like structures 
[130,131,135]. It would therefore be expected that the local structure of WZrX 
catalysts would not differ substantially from that of WOx/ZrO2. 
In Figure 3-6, two shoulders in WZr0 and WZr1 indicate the different 
tungstates are formed. The first shoulder of absorption edge energy (Eg)≈2.5 
eV is assigned to monoclinic WO3, and the second to polytungstate.[119] 
Because monoclinic WO3 is presented, it is hard to obtain the Eg value of 
polytungstate in these catalysts. However, compared to WZr3, WZr5, and 
WZr10, a second shoulder starts at a lower energy. Hence, the Eg of 
polytungstate on the two catalysts is lower than the others. Different from WZr0 
and WZr1, monoclinic WO3 (Eg≈2.5eV) disappears on WZr3, WZr5 and 
WZr10, which is consistent with the TEM and XRD findings. The second 
shoulder, which is unclear in the case of WZr0 and WZr1, is clearly present. 
The Eg value is 3.3 eV for WZr3 and 3.4 eV for WZr5 and WZr10, which is 
assigned to presence of a polytungstate W-O-W linkage [119]. The absorption 
edge energy of WZr3 is higher than that for the supported 20 wt% WOx/ZrO2 
(Eg=3.0eV). This can be attributed to the influence of the support rather than 
structure or domain size of tungstate. E. Iglesia et al. reported that the Eg of 
monotungstate present on WOx/ZrO2 (3.49 eV) and WOx/Al2O3 (3.95 eV) was 
much lower than isolated molecular monotungstate, Na2WO4 (4.89 eV), due to 
tungstate-support interactions which cause increase in the effective domain size 
[119]. As is well known, different from Al2O3 and ZrO2, the interaction between 







low concentration of tungstate [119,126,136]. Hence the effect of the silica 
support on the increase in effective domain size would be expected to be lower 
than ZrO2 and Al2O3, which would result in a higher Eg value. The very similar 
Eg values of WZr5 and WZr10 could be explained by differences in the effect 
of the support on the catalysts. As already shown by the XPS results, only a 
small amount of Zr was contained by the SiO2 framework for WZr5, so the 
effect of the support would be almost the same as WZr3. However situation 
was somewhat different for WZr10 because large amounts of Zr were 
introduced. The surroundings of tungstate on WZr10 are mixed ZrO2-SiO2 
rather than SiO2. Therefore, it resulted an increase in the effective domain size 
due to effect of ZrO2, thus decreasing the absorption edge energy.  
Compared to the Keggin structured model tungstate (ammonium 
metatungstate, phosphotungstic acid), the Eg of WZr3 and WZr5 is slightly 
higher (3.0eV vs 3.3, 3.4eV). It is known that the Eg of tungstate is linearly 
correlated with the average number of covalent bridging W-O-W bonds [127]. 
The NW-O-W for a Keggin structure is 4. Because of the Keggin-like structure 
present on WOx/ZrO2 and WOx/SiO2, the NW-O-W of WZr3 and WZr5 would be 
lower than 4, consequently resulting in a lower domain size for tungstate. Zhou 
et al. recently demonstrated the presence of Zr-WOx clusters through direct 
imaging using HAADF-STEM [121]. They reported that Zr-WOx clusters 
present on WOx/ZrO2 are comprised of sub-nanometre tungstate with a 3D 
structure. Because it is known that the molecular size of Keggin structured 12-
tungstate is about 1 nm [137], the slightly lower NW-O-W for WZr3 and WZr5 is 








Figure 3-4. X-ray photoelectron W4f spectra of WZrX catalysts: a) WZr0, b) 











Figure 3-5. X-ray photoelectron O1s spectra of WZrX catalysts: a) WZr0, b) 









Figure 3-6. UV-Vis spectra of WZr catalysts: Assigned to a) monoclinic WO3, 



















3.3.3 Structure of WZrX catalysts 
 
Based on textural properties, XPS and UV-Vis results, the structures of the 
WZrX catalysts are shown in scheme 3-2. The presence of monoclinic WO3 on 
WZr0 and WZr1 was confirmed by TEM, XRD and UV-Vis. In addition, 
polytungstate is formed on these catalysts. From the XPS results, Zr is 
incorporated into tungstate rather than SiO2 on WZr1 and WZr3. So, 
monoclinic WO3 and Zr-WOx clusters would be formed on WZr1. For WZr3, 
there are only Zr-WOx clusters without monoclinic WO3. Polytungstate or 
monotungstate in smaller sizes would be formed on WZr5, which was 
confirmed by the lower absorption edge energy. Thus, the maximum density of 
the Zr-WOx clusters would be achieved at a Zr/W ratio of 0.3. A large amount 
of Zr is introduced into the SiO2 of WZr10, so the tungstate is surrounded by 
ZrO2-SiO2 rather than SiO2. Consequently polytungstate or monotungstate in 
smaller sizes are mainly formed on WZr10 with the collapse of the uniform 










Scheme 3-2 Structures of the WZrX catalysts: Monoclinic WO3 (m-WO3), 
polytungstate (WOx), Zr-WOx clusters (Zr-WOx, gray-filled), and small 








3.3.4 Acidic properties of WZrX catalysts 
 
To insure the accurate quantification of Brønsted and Lewis acidity, the total 
amount of acid was estimated by NH3 TPD and NH3 in-situ FTIR was then used 
to determine the ratio of Brønsted and Lewis acid sites.  
Figure 3-7 shows the NH3 in-situ FTIR results for samples evacuated at 150oC. 
The peak maximum at 1450cm-1 is assigned to protonated NH4+ adsorbed to 
Brønsted acid sites. The peak of 1610cm-1 is assigned to NH3 coordinatively 
bonded to Lewis acid sites [138]. Figure 3-8 shows the amount of Brønsted acid 
sites calculated from the NH3 TPD and NH3 in-situ FTIR results at each 
evacuation temperature. When evacuated at 30oC, the highest level of Brønsted 
acid sites was present on WZr5. While, at 150oC and 250oC, WZr3 contain 
higher amounts of Brønsted acid than the other catalysts. The Brønsted acid 
content for WZr0 is comparable to WZr5, except at 30oC. WZr1 and WZr10 
show similar Brønsted acidities. Consequently, it can be concluded that 
stronger Brønsted acid sites were formed more on WZr3 to a greater extent.  
It appears that the population of Zr-WOx clusters is an important factor in 
terms of Brønsted acidity. In the case of WZr0, the fact that it has a higher 
Brønsted acidity than WZr1 can be attributed to the large number of W5+-O-
W6+ bonds, which could generate acidic protons. As discussed above, the WZr3 
catalyst contained mainly Zr-WOx clusters, while the other catalysts contained 
monoclinic WO3 or tungstate in smaller sizes, and it showed a stronger 
Brønsted acidity than the other catalysts. The Brønsted acidities of WZr5 and 







Thus, major factor influencing the Brønsted acidity of the WZrX catalysts is 

































































3.3.5 Acid catalyzed reactions 
 
It was known that esterification reactions are catalyzed by Brønsted acids. 
Several authors reported that Lewis acids also catalyzed this reaction [139, 140], 
but such catalysts are mostly supported metal chlorides, which have highly 
strong Lewis acid sites and can form HCl. While, supported metal oxides follow 
the mechanism of Brønsted acid catalyzed reactions [141]. 
Figure 3-9 shows the results for the prepared WZrX catalysts and control 
catalysts (HZSM-5, WOx/ZrO2) on the esterification of 1-butanol and acetic 
acid. Compared to the control catalysts, the WZrX catalysts showed a 
significantly higher activity, except for WZr10. WZr3 showed highest activity 
among the WZrX catalysts due to its stronger Brønsted acidity. The activities 
of WZr0 and WZr5 were almost the same. Significantly, the low activity of 
WZr10 can be explained by its relatively smaller pore size and low surface area 
even though it has a similar content of Brønsted acid sites as WZr1. The linear 
relationship between activity and Brønsted acid content at 150oC verifies that 










Figure 3-9. Esterification of 1-butanol and acetic acid: T=150oC, time=4h, 1-
butanol/acetic acid=1/1, catalyst 0.2 g. 
  

























Chapter 4. Summary and Conclusions 
 
The dehydrative epoxidation of 2,3-butanediol into 2,3-epoxybutane and 
heterogeneous catalytic process for the production of 1,3-butadiene are reported. 
Among a series of supported basic metal oxides tested, a CsOx/SiO2 catalyst 
was found to be the most effective catalyst for the dehydrative epoxidation to 
produce 2,3-epoxybutane. The optimized catalyst with respect to loading 
amount of Cs2O and calcination temperature (1 wt.% CsOx/SiO2 calcined at 823 
K) exhibited specific activity of 59.3 h-1. Based on the experimental evidences 
and the DFT results, the CsOx/SiO2 catalyst appears to be an outstanding 
catalyst for dehydrative epoxidation reactions for the following reasons: i) 
sufficiently strong base strength induced by the presence of cesium, ii) large 
ionic radius and low silicate dissolution that permit Cs+ to exist on the surface 
and to be accessible to the reactant, iii) formation of stable basic sites in virtue 
of strong interactions between Cs+ and surface oxygens caused by the low point 
of zero charge of SiO2, and iv) relatively acidic protons of surface hydroxyl 
sites of SiO2 which is advantageous for the elimination to H2O. When the 
relative energies for different conformations (gauche- and anti-arrangement) of 
meso-2,3-butanediol is considered by the DFT calculations, anti-meso-2,3-
butanediol is less stable than gauche-meso-2,3-butanediol in the gas phase (9 
kJ/mol) and in the adsorption on the CsOx/SiO2 model surface (40 kJ/mol). 
However, the activation barrier for the dehydrative epoxidation of anti-meso-







much lower than that of gauche-meso-2,3-butanediol into trans-2,3-
epoxybutane (292 kJ/mol; TS2 and path2) and cis-2,3-epoxybutane (276 kJ/mol; 
TS3 and path3). The above results allow us to conclude that the dehydrative 
epoxidation is mainly induced via SN2-like stereospecific mechanism, resulting 
in the selective formation of trans-2,3-epoxybutane from meso-2,3-butanediol. 
Using the dehydrative epoxidation, the production of 1,3-butadiene from 2,3-
butanediol using the heterogeneous catalytic system is proposed. Sequential 
processes consisting of dehydrative epoxidation, isomerization, and acid 
catalyzed dehydration can result in the highly selective production of 1,3-
butadiene. It can conclude that dehydrative epoxidation can expand the scope 
of chemicals that can be produced from biomass-derived feedstocks by 
widening the dehydration route. 
In order to replace conventional homogeneous mineral acid catalyst for the 
esterification reaction, mesoporous Zr-WOx/SiO2 catalysts with high surface 
areas and a high density of Zr-WOx clusters was prepared. The sequential 
hydrolysis of zirconium and tungsten was used to insure the formation of pre-
Zr-WOx clusters. The Zr/W ratio was varied to find optimum conditions 
required for Zr-WOx cluster formation. Except for a Zr/W ratio of 1, the 
prepared catalysts contained ordered cylindrical mesopores with a uniform size 
about 5 nm. Not only polytungstate, but inactive monoclinic WO3 was also 
formed when for ratios of Zr/W<0.3. Below a certain Zr/W ratio (≈0.5), 
zirconium was primarily located on tungstate rather than SiO2, which result in 
the formation of Zr-WOx clusters. When the Zr/W ratio exceeded this value, 







ordered mesopores sometimes collapsed. Based on the characterization results, 
it can be concluded that the optimum Zr/W ratio for producing a high density 
of Zr-WOx clusters is ca. 0.3 (WZr3). At this ratio, a larger amount of strong 
Brønsted acid sites are formed. The catalytic performance of Zr-WOx/SiO2 
catalysts for the esterification of 1-butanol and acetic acid was significantly 
improved compared to HZSM-5 and WOx/ZrO2. Among the Zr-WOx/SiO2 
catalysts studied, the highest activity was found for a Zr/W ratio of 0.3 because 
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국 문 초 록 
 
 
바이오매스를 이용한 정밀화학물질의 생산은 기존의 석유화학공정을 
대체할 수 있는 방법으로서 각광을 받고있다. 석유와 다르게 
바이오매스로부터 유래하는 원재료는 많은 양의 산소를 포함하고 있기 
때문에 기존에 석유로부터 생산하던 화학물질을 얻기 위해서는 이 산소의 
선택적인 제거가 매우 중요하다. 탈수반응, 에스테르화 반응과 같이 물이 
제거되는 탈수적 반응들은 바이오매스 유래 물질로부터 산소를 제거함과 
동시에 생성물질에 원하는 기능기를 도입할 수 있기 때문에 위의 목적에 
부합하는 효과적인 방법이다. 이 논문에서는 바이오매스로부터 유래하는 
C4 화학물질의 전환을 위한 비균일계 탈수적 촉매 공정에 대해 
연구하였다. 
첫 번째로 바이오매스로부터 유래하는 2,3-부탄디올을 2,3-
에폭시부탄으로 전환시킬 수 있는 새로운 탈수반응(탈수적 
에폭시화반응)과 이를 이용한 1,3-부타디엔 생산을 위한 비균일계 
촉매공정에 대해 논의하고자 한다. 이 탈수반응은 염기성 물질이 담지된 
촉매에서 활성을 보이며, 특히 세슘이 담지된 실리카(CsOx/SiO2) 촉매가 
가장 높은 활성을 보이는 것으로 나타났다. CsOx/SiO2 촉매의 높은 활성에 







찾고자 하였다. 또한 새로운 반응이 어떤 메커니즘으로 일어나는지를 알기 
위해 밀도범함수이론(density functional theory, DFT) 계산을 이용하여 
이론적으로 해석하고자 하였다. 분석결과 CsOx/SiO2 촉매의 높은 활성의 
원인은 다음과 같은 요소들이 복합적으로 작용하였음을 확인하였다: i) 
Cs+의 담지로 인한 강한 산점의 생성, ii) Cs+ 이온의 큰 크기로 인해 SiO2 
내부로 침투하지 않기 때문에 생성된 염기점이 표면에서 반응물과 
용이하게 접촉가능, iii) SiO2 담체와 Cs
+의 강한 결합으로 인한 안정적인 
염기점의 생성, iv) 약한 산성을 띠는 SiO2 표면이 탈수반응을 용이하게 함. 
또한 탈수적 에폭시화반응은 meso-2,3-butanediol (R,S)이 trans-2,3-
epoxybutane (R,R or S,S)으로 전환되는 키랄성의 변화를 가져오는 SN2 
유사 반응 메커니즘을 따르며, 이는 DFT모사 결과와도 일치하였다. 2,3-
부탄디올의 탈수적 에폭시화반응을 통해 생성된 2,3-에폭시부탄은 다른 
정밀화학물질의 생산에도 유용하게 활용될 수 있다. 염기성 
리튬포스페이트 촉매를 이용하여 반응하였을 때, 2,3-에폭시부탄이 높은 
선택도를 보이며 3-부텐-2-올로 전환되는 것을 확인하였다. 여기에 더해, 
3-부텐-2-올은 1,3-부타디엔을 생산하기에 매우 적합한 전구체로서 
작용하며, 산성을 띠는 중형기공성 알루미노실리케이트 촉매를 이용할 
경우 매우 높은 수율을 나타내는 것을 확인하였다. 
마지막으로, 산촉매작용을 통해 일어나는 1-부탄올의 에스테르화반응용 







부탄올은 다양한 종류의 에스터로 전환될 수 있는데, 이들은 환경친화적인 
용매, 혹은 향수의 전구체로서 매우 유용하게 활용될 수 있다. 현재 
대부분의 에스테르화 반응은 황산과 같은 균일계 산촉매를 이용하여 
이루어지는데, 이런 균일계 산촉매의 사용은 반응기의 부식, 그리고 
환경적인 문제를 야기한다. 따라서 현재의 문제점을 해결하기 위해서는 
비균일계 촉매의 개발이 시급한 실정이다. 이와 관련하여 이 연구에서는 
텅스텐산화물 담지 지르코늄 촉매에 주목했다. 이 촉매는 알코올의 
탈수반응, 알칸의 이성질화 반응에 좋은 활성을 보이는 것으로 알려졌는데, 
이는 촉매표면에 생성되는 Zr-WOx 클러스터가 높은 산특성을 보이기 
때문이라고 밝혀졌다. 하지만 현재 이 Zr-WOx 클러스터를 높은 밀도로 
가지고 있는 촉매를 제조하기 위한 방법에 대해서는 연구가 부족한 
실정이다. 이 연구에서는 Zr-WOx 클러스터를 높은 밀도로 제조하기 위한 
중형기공성 Zr-WOx/SiO2 촉매를 제안하고, 이 촉매에서 Zr/W의 비율에 
따른 구조와 산특성을 조사하였다. 순차적인 지르코늄과 텅스텐의 
가수분해와 soft-templating을 통해 강한 산성을 나타내는 Zr-WOx 
클러스터가 균일하게 분포한 중형기공 구조의 물질을 제조하였다. 제조된 
Zr-WOx/SiO2 촉매의 특성을 질소흡착, XRD, TEM, XPS, UV-Vis분광법, 
NH3-TPD, in-situ FTIR로 분석하였다. 이 물질은 500 m2/g 이상의 높은 
표면적과 균일하게 정렬된 5 nm의 원통형 기공구조를 가지고 있었다. 







존재하는 것이 확인이 되었으며, 이는 Zr-WOx 클러스터가 주로 
형성되었음을 의미한다. 가장 높은 Zr-WOx 밀도는 Zr/W 비율이 0.3일 
때 나타났으며, 또한 가장 강한 Brønsted 산특성을 보였다. 결과적으로 
Zr/W 비율이 0.3인 Zr-WOx/SiO2촉매가 1-부탄올과 아세트산의 
에스테르화 반응에 가장 높은 활성을 보였으며, 이 활성은 기존의 
HZSM-5, WOx/ZrO2 촉매보다 월등하였다. 
 
주요어: 비균일계 촉매작용, 탈수반응, 에스테르화반응, 반응 
메커니즘, 촉매 프로세스 
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The utilization of biomass for the production of fine chemicals has been 
attracted as an alternative way to conventional petrochemical processes. As 
biomass-derived feedstocks contain abundant oxygen atoms, selective removal 
of oxygen is required to produce fine chemicals previously obtained from 
petroleum. Dehydrative reactions such as dehydration and esterification are 
effective to reduce oxygen content of biomass-derived feedstock as well as to 
produce desired functional groups. In this thesis, heterogeneous dehydrative 
reactions for the conversion of biomass-derived C4 chemicals including 2,3-
butanediol and 1-butanol are studied. 
At first, a novel type of dehydration reaction that produces 2,3-epoxybutane 
from 2,3-butanediol (dehydrative epoxidation) is discovered and explored. 
Among a number of tested basic catalysts, the CsOx/SiO2 catalyst showed 
outstanding performance for the dehydrative epoxidation of 2,3-butanediol and 
is considered to be the most promising catalyst for this type of reaction. In order 
to identify the superiority of the CsOx/SiO2 catalyst and a mechanism of the 
reaction, structure-activity relationships were studied along with density 
ii 
 
functional theory (DFT) calculations. The following features are found to be 
responsible for the excellent activity of the CsOx/SiO2 catalyst: i) strong basic 
sites formed by Cs+, ii) low penetration of Cs+ into SiO2 which permits basic 
sites to be accessible to the reactant, iii) stable basic sites due to the strong 
interactions between Cs+ and SiO2 surface, and iv) mildly acidic surface of SiO2 
which is advantageous for the elimination to H2O. In addition, the dehydrative 
epoxidation involves an inversion of chirality (e.g. meso-2,3-butanediol (R,S) 
to trans-2,3-epoxybutane (R,R or S,S)), which is in agreement with DFT results 
that the reaction follows a stereospecific SN2-like mechanism.  
The 2,3-epoxybutane produced from the dehydrative epoxidation of 2,3-
butanediol can be further utilized to produce fine chemicals. When 2,3-
epoxybutane was reacted over basic lithium phosphate catalyst, isomerized 
product, 3-buten-2-ol, was obtained with high selectivity. Furthermore, it was 
found that 3-buten-2-ol is an ideal precursor for the production of 1,3-butadiene. 
Reaction of 3-buten-2-ol over acidic mesoporous aluminosilicate (Al-MCM-41) 
led to dominant formation of 1,3-butadiene via acid-catalyzed dehydration. On 
the basis of the results, heterogeneous catalytic process for the production of 
1,3-butadiene from 2,3-butanediol is proposed. 
Esterification of 1-butanol with carboxylic acid produces various esters 
which can be utilized to environmentally friendly solvents and precursors for 
fragrances. Esterification reactions are industrially conducted with 
homogeneous mineral acid catalysts, which causes process and environmental 
problems. Heterogeneous acid catalyst for the esterficiation reactions is 
essential to overcome the current problems. Zr-WOx clusters on WOx/ZrO2 
catalyst are known to be active sites for the acid catalyzed reactions, such as 
dehydration of alcohols and alkane isomerization reactions. However synthetic 
methods for producing high density of Zr-WOx clusters with high surface areas 
are not currently available. A facile method for preparing mesoporous Zr-
WOx/SiO2 is proposed and the effect of Zr/W ratio on its structure and acidity 
iii 
 
was examined. Results showed that the sequential hydrolysis of zirconium and 
tungsten via soft-templating resulted in the formation of Zr-WOx clusters with 
uniform mesopore structures and a high acidity. The prepared Zr-WOx/SiO2 
was characterized by N2 physisorption, XRD, TEM, XPS, UV-Vis 
spectroscopy, NH3-TPD and in-situ FTIR. Catalytic performance for the 
esterification of 1-butanol with acetic acid was evaluated. The materials had a 
high surface area of over 500 m2/g and ordered cylindrical pores with a uniform 
size of ca. 5 nm. Below a Zr/W ratio of ≈0.5, the zirconium was primarily 
associated with tungstate rather than SiO2, which indicates the formation of Zr-
WOx clusters. The highest density of Zr-WOx clusters was obtained at a Zr/W 
ratio of 0.3 with a strong Brønsted acidity. Consequently, Zr-WOx/SiO2, as a 
Zr/W ratio of 0.3 exhibited the highest activity with a significantly improved 
performance compared to HZSM-5 and WOx/ZrO2 catalysts. 
 
Keywords: Heterogeneous catalysis, dehydration, esterification, reaction 
mechanism, catalytic process 
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Chapter 1. Introduction 
 
1.1 Biomass as a source for chemical production 
 
With growing demand for sustainability of chemical processes, the catalytic 
conversion of biomass to value-added chemicals has been raised as an 
alternative to conventional petrochemical processes [1]. Since biomass-derived 
feedstocks contain abundant oxygen atoms (O/C ratio up to 0.6 for woody 
biomass [2]), as opposed to petrochemical feedstocks (O/C ratio less than 0.02 
[3]), the selective removal of oxygen is a central challenge for producing 
valuable chemicals using biomass sources [4-6]. In this connection, dehydrative 
reactions, such as dehydration and esterification, play a key role in the reduction 
of abundant oxygen from biomass-derived feedstocks. For example, in the case 
of the production of HMF from glucose [7,8] and furfural from xylose [8-10], 
half of the oxygen atoms in sugars are effectively removed by dehydration 
reactions.  
In the aspect of chemical structure, hydroxyl and carboxylic acid groups are 
two major chemical structure present in biomass-derived feedstocks. Therefore, 
dehydration and esterification reactions also have significance in the formation 
of desirable functional groups as well as the removal of oxygen atoms. 
Hydroxyl groups in biomass-derived feedstocks can be effectively converted 
into functional groups, such as C=C and C=O bonds, via dehydration. The 







DMF [11,12], γ-valerolactone [13], alkanes and alkenes [14] from biomass-
derived feedstocks. In addition, the consecutive dehydration of glycerol led to 
the formation a C=O bond (3-hydroxypropionaldehyde) followed by C=C bond 
formation, resulting in the production of acrolein which is a valuable precursor 
for the production of acrylic acid [15-17]. On the other hand, esterification 
reaction is useful to convert carboxylic acid group to ester group. The 
esterification can produce esters from biomass-derived carboxylic, acids such 
as lactic acid, succinic acid, itacconic acid, and glutamic acid. The produced 
esters are potentially useful to solvent liquid as they have non-toxic, bio-








1.2 C4 feedstocks derived from biomass 
 
2,3-Butanediol is the longest chain alcohol found as natural major end product 
of microbial fermentation along with butanol. Harden and Walpole first 
reported the production of 2,3-butanediol from microbial fermentation [19]. It 
is generally synthesized via mixed acid fermentation of pathogenic bacteria 
such as Klebsiella pneumonia, Klebsiella oxytoca, Enterobacter aerogenes, and 
Paenibacillus polymyxa [20-23]. These bacteria are useful to produce 2,3-
butanediol with high yields and productivities, but large-scale fermentation is 
quiet difficult due to their pathogenic properties. The use of non-pathogenic 
Saccharomyces cerevisiae is considered to be desirable as an alternative. This 
microbial fermentation is proceeded through several intermediate compounds 
such as α-acetolactate, diacetyl, and acetoin (Figure 1-1). Other side products, 
i.e. ethanol, acetate, formate, lactate, and succinate are also synthesized 
depending on the applied conditions or types of microorganisms. However, 
microbial fermentation using Saccharomyces cerevisiae led to low productivity 
and yield so that several attempts to improve 2,3-butanediol production have 
been tried [24-27].  
Butanol has been traditionally produced by ABE fermentation which is an 
anaerobic conversion of carbohydrates by metabolically engineered strains of 
Clostridium into acetone, butanol, and ethanol [28-35]. As two major global 







fermentation of sugar beet in June 2006 and established the joint-venture 
ButamaxTM Biofuels LLC in 2009, the production of butanol is expected to 
grow rapidly. On October 2, 2013, Butamax announced that the production 
facilities for biobutanol has been constructed by simple retrofit of existing 
Highwater Ethanol’ plant in Lamberton, Minnesota [36]. Biobutanol can be 
produced from cereal crops, sugar cane and sugar beet, etc, but can also be 










Figure 1-1. Metabolic pathways for the synthesis of 2,3-butanediol in 
Saccharomyces cerevisiae. Green arrow show the bacterial 2,3-butanediol 
synthesis pathway through α-acetolactate decarboxylase. Blue boxes contain 
the Saccharomyces cerevisiae innate genes, while yellow boxes indicate the 









1.3 Catalytic dehydrative reactions 
 
Different from petroleum based feedstocks, biomass derived feedstocks 
contain a plenty of oxygen as a form of alcohol, carboxylic acid, aldehyde, and 
ketone. Therefore, oxygen removal has to be involved in the conversion of 
biomass to produce fine chemicals that are derived from petroleum. The 
dehydrative reaction is advantageous solution to reduce oxygen content as well 
as to produce chemicals with desired functionality. 
 
1.3.1 Dehydration of 2,3-butanediol and the production of 1,3-
butadiene 
 
1,3-butadiene is one of essential monomers for polymer synthesis, and has 
been solely produced via petrochemical process. Production of 1,3-butadiene 
from biomass derived feedstock is of great importance in that a renewable 
resource is utilized as opposed to a petrochemical process. In this regard, 2,3-
butanediol has been recognized as an attractive biomass derived feedstock for 
1,3-butadiene production [38], because elimination of two water molecules 
from 2,3-butanediol can lead to the formation of 1,3-butadiene.  
Homogeneous catalytic process for the production of 1,3-butadiene from 2,3-
butanediol was previously reported in 1945 by S. Marshak et al. [39], and was 







esterification of 2,3-butanediol and pyrolysis of produced ester. The 
esterification of 2,3-butanediol can take place with carboxylic acids like acetic 
acid and formic acid using H2SO4 as a homogeneous catalyst, and produces 
mono- and di-ester. The di-ester is thermally activated in the pyrolysis step, 
resulting in the formation of 1,3-butadiene. This process can produce 1,3-
butadiene from 2,3-butanediol with high yield ~ 80%, but utilization of 
homogeneous mineral acid can cause corrosion, separation, and environmental 
problems. Therefore, a heterogeneous catalytic process is highly desired to 
realize the production of 1,3-butadiene from 2,3-butanediol.  
Acid catalyzed dehydration is conventional and the first choice for 
heterogeneous catalytic dehydration of alcohols. However, in the case of 2,3-
butanediol, the acid catalyzed dehydration resulted in formation of methyl ethyl 
ketone and isobutraldehyde, which contain unreactive C=O bonding and 
hamper further dehydration to 1,3-butadiene. Therefore, a novel catalytic route, 
not based on acid catalysis, is required to realize the heterogeneous catalytic 
pocess for the production of 1,3-butadiene from 2,3-butanediol.  
 
1.3.2 Esterification of 1-butanol with acetic acid 
 
Industrial esterification processes have utilized homogeneous acid catalysts 
such as H2SO4 and HCl.[41] The homogeneous process provides good 







separation and severe corrosion problems. Therefore, it is highly desirable to 
replace the current homogeneous process to heterogeneous one by adopting 
solid acid catalysts. 
There are various options for solid acid catalysts, including zeolites, 
aluminosilicates, acidic oxides, supported heteropoly acids, ion-exchange 
resins, and so on. Peters et al. compared several commercial acid catalysts for 
the liquid phase esterification of acetic acid with butanol [41]. It was found that 
ion-exchange resins were better performed than zeolites and superacids. The 
apparent rate constant per acid site for ion-exchange resins, recalculated from 
data in ref 41, was 3.4·10-6 and 7.1·10-6 m3 mol-2 s-1 for Amberlyst 15 and 
Smopex-101, respectively. These values are slightly lower than sulfuric acid 
(2.0·10-5 m3 mol-2 s-1) and p-toluenesulfonic acid (1.0·10-5 m3 mol-2 s-1), and are 
comparable with phosphomolybdic acid (7.0·10-6 m3 mol-2 s-1). In contrast, the 
apparent rate constant per acid site for zeolites was considerably lower than 
ion-exchange resin, except for H-USY zeolite which has relatively large pores. 
The authors proposed that internal diffusion in pores of zeolite limited the 
reaction. Sulfated zirconia exhibited rate constant similar to Amberlyst 15, but 
its acid contents were 10-times lower than ion-exchange resin thus much more 
catalysts were required to achieve similar acid amount.  







appropriate catalyst. Corma et al. studied the influence of Si/Al ratio of HY 
zeolites on the esterification of ethanol with phenylacetic acid [42]. The authors 
observed increase in activity with increasing Si/Al ratio, which indicates that 
esterification only takes place at strongly acidic sites. Similar trend was also 
reported by Peters et al. [41].  
On the basis of the literature survey, it can conclude that sufficiently large 
pore size and strong acid sites are required for esterification catalyst. These 
required properties make one image mesoporous material with high density of 
strong acid sites as an ideal catalyst for esterification reaction. Regarding to 
strongly acidic material, I focused on tungstated zirconia (WOx/ZrO2). 
Tungstated zirconia (WOx/ZrO2) catalysts have attracted interest, since Hino 
and Arata first discovered their strong acidity and low-temperature activity for 
light alkane isomerization [43] It has been reported to have a high activity for 
alkane isomerization and the dehydration of alcohols [44-46]. Furthermore, the 
higher thermal and chemical stabilities of WOx/ZrO2 make them attractive for 
use in a variety of industrial processes [43,46]. It is generally accepted that the 
strong acidity is due to the strong interaction between zirconia and tungstate or 
by the presence of Zr-WOx clusters. Although the origin of strong acidity was 
identified, methods for improving the activity of WOx/ZrO2 catalysts are not 
available. High surface area mesoporous material combined with active site of 









Catalytic conversion of biomass to replace petrochemical processes has 
become an important issue in the field of catalysis. Current limitations in the 
conversion of biomass are closely related to the large oxygen contents in 
biomass. Removal of oxygen atoms is basically required to produce fine 
chemicals, but catalytic routes as well as known catalytic materials are 
insufficient to create efficient catalytic process for the biomass conversion. 
In this regard, the objective of this thesis is achieving efficient catalytic 
conversion of biomass-derived 2,3-butanediol and 1-butanol through discovery 
of a novel catalysis, understanding of reaction mechanism, and development of 
highly active catalyst. 
A novel dehydration reaction which produces 2,3-epoxybutane from 2,3-
butanediol is first discovered and studied. Required characteristics for an active 
catalyst and reaction mechanism are proposed based on experimental results 
and theoretical calculations. On the basis of this novel reaction, heterogeneous 
catalytic process for the production of 1,3-butadiene from 2,3-butanediol is 
proposed.  
Design and synthesis of an active catalyst for the esterification of 1-butanol 
with acetic acid is studied. The synthesized catalyst, mesoporous Zr-WOx/SiO2, 
exhibited high surface area and high density of strong acid site. Thanks to these 







Chapter 2. Dehydrative Epoxidation of 2,3-
butanediol and Heterogeneous Catalytic Process 




2,3-butanediol is an attractive biomass-derived feedstock to produce C4 fine 
chemicals. Researches on the catalytic dehydration of 2,3-butanediol have 
received little attention, and only few studies have been reported on this issue. 
Several studies on dehydration of 2,3-butanediol to 3-buten-2-ol were reported 
[47], but most of the reports related to this subject have been limited to acid 
catalyzed dehydration, yielding aldehydes and ketones [48-54]. Such restricted 
uses and studies will not be sufficient to identify efficient reaction pathways for 
biomass conversion for replacing conventional petrochemical products. In this 
regard, the discovery of novel dehydration reactions of vicinal diols has the 
potential to open up new possibilities for the utilization of biomass, and thereby 
has the potential to expand the scope of chemicals that can be produced from 
biomass. 
Herein, a novel dehydration reaction of 2,3-butanediol (BD), leading to the 
formation of 2,3-epoxybutane (EB), is reported. Since the reaction involves the 
formation of an epoxide ring with the elimination of H2O, the reaction is 







vicinal diols, including ethylene glycol, 1,2-propanediol, and BD, was 
performed and was compared with previously reported dehydration reactions. 
A series of active catalysts were screened for the dehydrative epoxidation of 
BD, and the optimum catalyst was identified. The acidic-basic and 
physicochemical properties of the catalysts were characterized, in order to 
identify the cause of the difference in catalytic activity with respect to 
dehydrative epoxidation. In addition, the stereochemistry involved in 
dehydrative epoxidation was explored. DFT calculations were carried out to 
determine the energetics of the reaction, including the transition states as well 
as the configurations and adsorption of the molecules. On the basis of the 
experimental results and the DFT calculations, the active site of the catalyst and 
a reaction mechanism for dehydrative epoxidation is proposed. Using the 
dehydrative epoxidation, heterogeneous catalytic processes for the production 
of 1,3-butadiene from BD is proposed. The process is composed of sequential 
three reactions: dehydrative epoxidation of BD to EB, isomerization of EB to 












2.2.1 Preparation catalysts 
 
Sodium acetate trihydrate (TCI), potassium oxalate monohydrate (Samchun 
Chemical), cesium acetate (Samchun Chemical), magnesium nitrate 
hexahydrate (Fluka), calcium nitrate tetrahydrate (Sigma-Aldrich), strontium 
nitrate (Sigma-Aldrich), lanthanum nitrate hexahydrate (Junsei Chemical), and 
cerium nitrate hexahydrate (Kanto chemical) were used as precursors for 
supported basic metal oxide catalysts and were used without further purification. 
Al-MCM-41 (Aluminosillicate, mesostructured, Sigma-Aldrich) was used as 
received. The catalysts were prepared by the incipient wetness impregnation 
method. In typical procedures, at first, a predetermined amounts of precursor 
was dissolved in 3 ml of deionized water. The aqueous solution of precursor 
was then added drop-wise to 2.0 g of a support oxide (SiO2 (Aerosil® 200), 
Al2O3 (Aeroxide® Alu C), and TiO2 (Aeroxide® P25)) with vigorous mixing 
by hand for at least 20 min. To prevent a complete wetness, impregnation was 
conducted repeatedly by dosing a small quantity of precursor solution and 
followed by drying at room temperature. The impregnated powders were dried 
at 343 K overnight, and then be grounded and calcined at desired temperature 
(5 K/min) for 4h. 
For the catalysts used in the screening of active materials (section 2.3.2), 10 
wt.% (Cs2O, CaO, SrO, La2O3, CeO2), 2.4 wt.% (Na2O), 3.6 wt.% (K2O), and 
3.1 wt.% (MgO) were loaded on a SiO2 support, and the notation of M/SiO2 is 







following notation is used to express the SiO2 supported Cs catalysts: 
xCsOx/SiO2-y, where x is the wt.% of Cs2O loading, and y is the calcination 
temperature (723 ‒ 1023 K). The catalysts prepared using other supports are 
expressed in the same way.  
Basic lithium phosphate (Li3PO4) was prepared by precipitation method. 1.82 
g of sodium phosphate monobasic (0.015 mol, NaH2PO4, Sigma-Aldrich) and 
1.28 g of lithium hydroxide monohydrate (0.030 mol, LiOH∙H2O, Sigma-
Aldrich) were separately dissolved in 15 ml and 10 ml of deionized water, 
respectively. Prior to precipitation, the former solution (NaH2PO4) was 
transferred to a 100 ml round-bottom flask. The contents were heated and the 
temperature was maintained at 313 K. The aqueous solution of LiOH∙H2O was 
then added drop-wise with vigorous stirring using a magnetic bar. A white 
precipitate was immediately formed when the solution was added. The mixed 
solution was aged at 313 K for 24 h. After the aging, the white precipitates were 
isolated on a filter, washed three times with 200 ml of de-ionized water, and 
dried at 343 K for overnight. Calcination of the dried precipitates were 
conducted at 673 K (5 K/min of ramping speed) for 6 h. 
 
2.2.2 Reactivity tests 
 
A fixed-bed quartz reactor was used to evaluate the catalytic performances of 
the catalysts for the dehydration of 2,3-butanediol, 1,2-propanediol, and 
ethylene glycol. Temperature were measured by a K-type thermocouple and 







using 0.1 g of catalyst samples held on a porous quartz bed with aqueous 
solutions of 2,3-butanediol (Acros Organics, 98%, mixture of racemic and 
meso forms), meso-2,3-butanediol (Sigma-Aldrich), 1,2-propanediol, ethylene 
glycol (Alfa Aesar, 97%), trans-2,3-epoxybutane (Alfa Aesar, 97%), cis-
2,3-epoxybutane (Alfa Aesar, 98%), 3-buten-2-ol (Alfa Aesar, 97%), 
and methyl ethyl ketone (J.T. Baker, 99.0%). The compositions of reactants 
in the aqueous solutions were 9.9 wt.% (2.1 mol%) for 2,3-butanediol, 8.3 wt.% 
(2.1 mol%) for 1,2-propanediol, 6.9 wt.% (2.1 mol%) for ethylene glycol, and 
8.1 wt% (2.1 mol%) for the others in order to ensure a same space velocity 
of reactants (Space velocity (SV) = total flow rate / amounts of catalyst = 1.38 
L/(min (g cat)). The reactor was heated to the desired temperatures (673 K) 
with ramping rate of 10 K/min and maintained for 30 min with a flow of dry N2 
(99.999%, 30 cm3/min). The reactant solutions were then injected with a rate 
of 1.5 cm3/h (1.64 mmol 2,3-butanediol/h) into a pre-heating zone which was 
maintained at 473 K and was connected to a top of the reactor. Effluent gases 
were passed through a helix type condenser and was collected in a sample tube 
containing 20 ml of deionized water. Acetonitrile was used as an external 
standard for quantification and added to products collected hourly. The 
products were analyzed using gas chromatography (Younglin ACME 6100 
instrument) equipped with a FID detector and Rtx®-VRX capillary column 
(Restek, cat. # 19316). The data acquired at 2 h of the reaction was used to 
compare the catalytic activity of the catalysts. In case of the acid catalyzed 
dehydration of the intermediates, 1,3-butadiene in the effluent gases was 







equipped with a FID detector and HayeSep C-ValcoPLOT® capilary 
column (VICI®, Product no. CFS-PC3053-200). The turnover frequency 
(TOF) and specific formation rates of products for supported catalysts were 




Temperature programmed desorption (TPD) of NH3 was carried out using 
Micromeritics Autochem II chemisorption analyzer. Prior to the analysis, 0.1 g 
of sample was heated at 673 K for 1h under a He flow to remove adsorbed 
impurities. After cooling to 323 K, the sample was saturated with probe by a 
flow of 10.2% NH3/He. The physisorbed probe was removed by flushing of He 
flow at 373 K. After the sample was cooled down to 323 K and the TCD signal 
was stabilized, the signal was recored with increasing the temperature from 323 
K to 673 K at a rate of 10 K/min under a flow of He.  
The Hammett indicator titration method was utilized to compare the base 
strength of the prepared catalysts. In typical procedure, the Hammett indicators 
were dissolved in methanol to obtain 0.05 M solutions. Prior to the titration, a 
determined amounts (10 mg) of a catalyst was heated at 423 K in vacuum oven 
to remove adsorbed species. Then, it was titrated by 400 μl of each indicator 







Neutral red (pKa = 6.8), phenolphthalein (pKa = 8.2), 2,4-dinitroaniline (pKa = 
15.0), and 4-nitroaniline (pKa=18.4). Benzoic acid titration method was 
employed to quantify the total basicity of the catalysts.  
X-ray photoelectron spectroscopy (XPS) was carried out on a KRATOS AXIS 
electron spectrometer equipped with MgKα radiation. The binding energies 
were corrected using C1s as an internal standard (284.6 eV). The peaks were 
fitted by mixed Gaussian-Lorentzian functions with substraction of Shirley type 
background using XPS peak fitting program (XPSPEAK 4.1). 
29Si cross polarization/magic angle spinning (CP/MAS) nuclear magnetic 
resonance (NMR) spectra of the samples were recorded on a Bruker AVANCE 
400 WB (400 MHz) spectrometer operating at a frequency of 79.5 MHz. The 
magic angle spin speed used for 29Si spectral recording was 5 kHz. 133Cs MAS 
NMR spectra were recorded on the same instrument operating at a frequency 
of 52.5 MHz and 7 kHz of the magic angle spin speed. Electron spin resonance 
(ESR) spectra of the catalysts were recorded on a JEOL JES-TE200 
spectrometer operating at 9.43 GHz of a microwave frequency and 1.0 mW of 
a microwave power. The differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA) were performed on a TA instruments SDT 
Q600 analyzer. The temperature was increased from room temperature to 1173 
K with a heating rate of 10 K/min under an air flow. 
High resolution transmission electron micrograph (HR-TEM) images were 
obtained on a JEOL JEM-3010 microscope using bright field (BF) mode with 
an acceleration voltage of 300 kV. The X-ray diffraction (XRD) patterns were 







Kα radiation (1.5406 Å) in an operating mode of 50 kV and 100 mA. An 
analytical high-angle annular dark-field scanning transmission electron 
microscope (HAADF-STEM, Tecnai F20-FEI, 200 kV) equipped with energy 
dispersive X-ray spectroscopy (EDS, Tecnai 136−5-EDAX) was used to 
explore the distribution of elements over the prepared catalysts. N2 adsorption-
desorption analyses were carried out using a Micromeritics ASAP-2010 
instrument. The total surface area of the samples was calculated by the BET 
method (P/Po = 0.1-0.2). The pore volume and pore size distributions were 
obtained from the desorption branches of the isotherms using BJH methods. 
 
2.2.4 Computational details 
 
Periodic density functional theory (DFT) calculations were carried out using 
the Vienna ab initio simulation package (VASP) [55]. The generalized gradient 
approximation (GGA) parameterized by Perdew-Burke-Ernzerhof (PBE) 
exchange-correlation functional was employed [56]. Ionic cores were described 
by the projector augmented wave (PAW) method [57]. Dispersion forces were 
included with the DFT-D2 Grimme's empirical correction [58]. The C6 (57.74 
J nm6/mol) and R0 (1.776 Å) parameters for cesium were taken from the data 
of F. Zhang et al [59]. The wave functions were constructed from the expansion 
of planewaves with an energy cutoff of 400 eV. A 1 × 1 × 1 Monkhorst-Pack 
k-point mesh was used to sample the Brillioun zone. All calculations were 
converged until the forces on all atoms were less than 0.03 eV/Å. The electronic 







In our calculations, β-cristobalite (001) was used to represent the surface of 
the amorphous SiO2. It has been often used for the same purpose because the 
physical properties, including refractive index and bulk density, of β-
cristobalite are close to those of amorphous SiO2 [60,61]. Previous reports also 
have supported that (001) and (111) plane of β-cristobalite successfully 
describe the surface of amorphous SiO2 [60-63]. Detailed explanation about the 
model can be found in the report of J. Handzlik et al.[64] I42d space group with 
Si in 4 (a) and O in 8 (d) crystallographic positions [65] was used as an initial 
structure for geometry optimization of bulk β-cristobalite. For the calculation 
of bulk optimization, the cutoff energy was increased to 520 eV and a 4 × 4 × 
4 k-point mesh was used. The lattice constants of the fully optimized bulk 
structure are found to be 5.02 Å (a, b) and 7.38 Å (c), which is in agreement 
with the experimentally reported values of 5.04 Å (a, b) and 7.13 Å (c) [65]. 
The surface was constructed by cleaving (2 × 2 × 1) optimized bulk structure 
(a = b = 10.04 Å) along the (001) plane. To prevent in-physical electronic 
interactions, 20 Å of vacuum region between the slabs was added. Dangling 
oxygens on the surface were fully hydroxylated by adding equal number of 
hydrogens. The surface consisted of 8 layers (4 Si layers and 4 O layers). The 
top four layers were allowed to relax while the remaining four bottom layers 
were fixed. The surface of CsOx/SiO2 was constructed by replacing one of the 
hydrogen atoms with Cs atom since Cs ion in CsOx/SiO2 has same oxidation 
state (+1) as proton, and is capable to exchange with the proton [66-69]. 
Experimental evidences are also provided by XPS analysis of CsOx/SiO2 







butanediol, gauche-meso-2,3-butanediol, cis-2,3-epoxybutane and trans-2,3-
epoxybutane were obtained by systematically exploring the adsorption sites on 
the CsOx/SiO2 surface. The adsorption energies were calculated as follows: 
ΔEads = Eadsorbate/surface – Eadsorbate – Esurface. 
The transition state was located using climbing image-nudged elastic band 
(CI-NEB) method [70,71]. Seven equally spaced images were obtained by 
linear interpolation and used as initial trajectories for reaction path. In the CI-
NEB calculations, the images was refined until the maximum atomic forces are 







2.3 Results and discussion 
 
2.3.1 The dehydrative epoxidation of vicinal diols 
 
Acidic catalysts are frequently used as dehydration catalysts and were mainly 
adopted to use in the dehydration of vicinal diols. The dehydration of vicinal 
diols in the presence of an acidic catalyst preferentially produces aldehydes and 
ketones via a carbocation intermediate which is frequently observed in acid 
catalysis [48-54]. On the other hand, S. Sato et al. utilized the rare-earth and 
transition-metal oxides for the dehydration of vicinal diols including 1,2-
propanediol, 2,3-butanediol (BD), and 1,2-butanediol [47,72]. In the reports, 
main products of reaction over the rare-earth metal oxides were aldehydes and 
ketones as similar to the acid catalyzed dehydration. When transition metal 
oxides were utilized, they found that ZrO2 catalyst is capable of selectively 
producing 3-buten-2-ol (BO) via dehydration of BD [47]. 
In contrast to the above dehydration reactions, the reaction of vicinal diols 
over a basic CsOx/SiO2 catalyst resulted in the formation of new dehydration 
products (Table 2-1). Epoxides including epoxyethane, 1,2-epoxypropane, and 
2,3-epoxybutane (EB) were produced from ethylene glycol, 1,2-propanediol, 
and BO, respectively. The reaction of 1,2-propanediol and BD also produced 
unsaturated alcohols (2-propen-1-ol and BO, respectively), whereas 
unsaturated alcohols were not produced in the case of the reaction of ethylene 
glycol due to the shorter carbon chain. Comparing the reaction results of the 
vicinal diols (Figure 2-1), the extent of conversion became higher with the 







amounts of epoxides and unsaturated alcohols that are produced. Aldehydes 
and ketones presented opposite trend and their yields decreased slightly with 
the longer carbon chain length. Consequently, dehydrative epoxidation takes 
place more easily for vicinal diols with longer carbon chain. 
Considering the fact that typical dehydration leads to the formation of C=C or 
C=O bonds, the formation of epoxides is clearly a distinguishing result, since a 
strained intramolecular C-O bond was formed. Sequence of this reaction may 
be similar to the dehydration of monoethanolamine to ethyleneimine which 
involves a formation of similar 3-membered ring via dehydration [73]. 
However, it is important to note that the dehydration of monoethanolamine to 
ethyleneimine can be induced by SiO2 catalyst, whereas the formation of 
epoxides from vicinal diols cannot be. There is definitely distinct catalysis on 
the formation of epoxides from vicinal diols. Discovering a catalysis that is 
used in the formation of epoxides from the dehydration of the vicinal diols 









Figure 2-1. Compositional changes in dehydration products with respect to the 
carbon chain length of the vicinal diols: Carbon chain length of 2, 3, and 4 
represents ethylene glycol, 1,2-propanediol, and 2,3-butanediol BD, 
respectively. Reaction condition: Fixed-bed flow reactor, Trxn = 673 K, SV = 


































































































































































































































































































































































































2.3.2 Dehydrative epoxidation of 2,3-butanediol: Screening of basic metal 
oxides 
 
To explore the dehydrative epoxidation reaction in more detail, a series of 
active materials for the reaction is tested. A number of SiO2 supported catalysts 
were prepared using alkali, alkaline-earth, and rare-earth metal oxides as basic 
metal oxides. Acidic Al-MCM-41 was also tested as a reference catalyst. In 
these experiments, BD was used as representative vicinal diol. Since it was 
confirmed that BO is secondary product which is originated from EB, the 
specific activity for the dehydrative epoxidation was compared based on the 
sum of specific formation rate for EB and BO. Chemical names, structures, and 
abbreviations for reactants and products appeared in the conversion of BD are 















































































































2.3.2.1 Reactivity tests 
 
In the results for the SiO2 supported alkali metal oxides (Table 2-2. entry 1-3), 
KOx/SiO2 showed selective formation of EB and BO, but with considerably 
lower activity than CsOx/SiO2. Specific formation rate of EB and BO for 
NaOx/SiO2 was 4-fold lower than KOx/SiO2. Accordingly, the specific activity 
for dehydrative epoxidation increased in the order of increasing atomic number 
of the alkali metal oxides. Meanwhile, the SiO2 supported alkaline-earth and 
rare-earth metal oxides (entry 4-8) produced MEK and IBA mainly. Any trace 
amounts of EB and BO were not detected for MgOx/SiO2, LaOx/SiO2, 
CeOx/SiO2. Only CaOx/SiO2 and SrOx/SiO2 were capable of producing EB and 
BO, but their specific activities were lower than those of the supported alkali 
metal oxides. Therefore, alkaline-earth and rare-earth metal oxides were 
considered poorly effective for the dehydrative epoxidation than alkali metal 
oxides. In the reaction for Al-MCM-41 catalyst (acidic catalyst, entry 9), MEK 

























































































































































































































































































































































































































































































































































































































2.3.2.2 Acid and basic properties of the screened catalysts 
 
It appeared that dehydrative epoxidation is significantly influenced by the type 
of loaded basic metal oxides. In order to identify the causes of the catalytic 
difference among the screened catalysts, the acidic and basic properties of the 
catalysts were correlated with the reaction results. 
Figure 2-2 show the NH3 TPD results for the catalysts. The loading of basic 
metal oxides on the SiO2 support resulted in an increase in acidic sites. This 
increase would be similar to the formation of acidic sites on heteroatom doped 
silicate materials [74]. The amounts of acidic sites that are formed vary 
considerably, depending on the type of loaded metal oxides. MgOx/SiO2, 
CaOx/SiO2, and LaOx/SiO2 have relatively high amounts of acidic sites, and the 
SiO2 supported alkali metal oxides and strontium oxide have medium amounts 
of acidity. CeOx/SiO2 contained a quite low level of acidic sites. The formation 
of additional acidic sites could cause the considerable formation of MEK and 
IBA for the SiO2 supported alkaline-earth metal oxides and rare-earth metal 
oxides, as MEK and IBA are major products of acid catalyzed dehydration. 
Since Brønsted acidic catalysts were reported to be effective in the formation 
of MEK and IBA [53,54], the type of acidic sites formed in these catalysts is 
predicted to be Brønsted acidic sites. Compared to Al-MCM-41, these SiO2 
supported catalysts produced much smaller amounts of IBA. The ratio of MEK 
to IBA for Al-MCM-41 was found to be about 2 whereas that for the alkaline-
earth and rare-earth metal oxides was considerably higher (ranging from 3.7 to 







rare-earth metal oxides implies that acidic sites weaker than those in Al-MCM-
41 were formed in these catalysts, because IBA is formed via a methyl group 
rearrangement,[53] which is closely related to the formation of a carbocation 
[75]. In contrast, much less MEK and IBA were formed on the SiO2 supported 
alkali metal oxides, which indicates that the formed acidic sites by the loading 
of alkali metal oxides are different from those for alkaline-earth and rare-earth 
metal oxides, and are probably weak Lewis acidic sites. 
The trend for the specific formation rate of EB and BO among the SiO2 
supported catalysts is also important to note in relation to the base strength of 
the catalysts. The base strength of alkali, alkaline-earth, and rare-earth metal 
oxides generally follows the theoretical basicity trend of electronegativity (EN). 
This relationship of base strength and EN has been frequently reported in metal 
oxides and hydroxides [76-79], ion-exchanged zeolites [80-84], and supported 
metal oxides [85,86]. The EN values in the Pauling scale for loaded metals are 
in decreasing order from Mg (1.31), Ce (1.12), La (1.1), Ca (1.0), Sr (0.95), Na 
(0.93), K (0.82), to Cs (0.79), which is the opposite trend of base strength. When 
the specific formation rate of EB and BO for the SiO2 supported catalyst is 
compared with EN values of loaded metal (Figure 2-3), the specific activity 
tended to increase with decreasing order of EN. Therefore, this relationship 
indicates that stronger basic sites are more advantageous for dehydrative 
epoxidation. The specific activity of NaOx/SiO2 deviated slightly from the trend 
because of the significantly decreased surface area of the catalyst (13, 101, 115 
m2/g for NaOx/SiO2, KOx/SiO2, CsOx/SiO2, respectively). A Hammett indicator 







the SiO2 supported catalysts. The results of the Hammett indicator titration 
method are consistent with the base strength scale by EN of the loaded metal 
as the catalysts which consisted of a metal oxide with a high EN value showed 
a lower base strength (MgOx/SiO2, LaOx/SiO2, and CeOx/SiO2). However, the 
poor resolution of the method due to limitations in the availability of indicators 
made it difficult to distinguish the base strength of the catalysts within 8.2 < H_ 
< 15.0. Comparing the base strength determined by Hammett indicator 
titrations and activity for the dehydrative epoxidation, the catalysts with strong 











Figure 2-2. NH3-TPD profiles of the SiO2 supported basic metal oxide catalysts: 











Figure 2-3. Relationship between electronegativity (closed rectangle, left y axis) 









2.3.2.3 Structural characterization of the SiO2 supported alkali 
metal oxide catalysts 
 
Among the alkali metal oxides, CsOx/SiO2 was found to be exceptionally 
active for dehydrative epoxidation. This can be attributed, in part, to the 
stronger basicity of Cs than Na and K. However, difference in base strength 
does not appear to be sufficient to explain the exceptional performance of 
CsOx/SiO2. To identify other causes for this exceptional performance, the 
structural characteristics of the supported alkali metal oxides (NaOx/SiO2, 
KOx/SiO2, and CsOx/SiO2) are compared as well. 
The chemical states of alkali metal atoms in the catalysts were analyzed by 
XPS and ESR (Figure 2-4 and 2-5, respectively). The results indicate that alkali 
metal atoms on the catalysts are present as metal cations (M+), and did not 
exhibit any paramagnetic or diamagnetic properties, indicating the absence of 
superoxide (O2-) and peroxide (O22-) species. 
HR-TEM and STEM images of the SiO2 supported alkali metal oxide catalysts 
are shown in Figure 2-6. The images show the absence of crystalline alkali 
metal oxide phases and also show that the catalysts are microscopically 
homogeneous. No evidence was found to the formation of separated 
particulates or a crystalline phase. The absence of a crystalline phase was also 
supported by the results of XRD analysis. EDS mapping of the CsOx/SiO2 
catalyst clearly shows that the Cs atoms are well dispersed within the catalyst. 
The morphology of the SiO2 supported catalysts is similar to each other and is 







In contrast, the results of N2 adsorption-desorption analyses revealed that the 
pore structure and specific surface area of the catalysts are considerably 
different from one another. The BET surface area of the catalysts was 115, 101, 
and 13 m2/g for CsOx/SiO2, KOx/SiO2, and NaOx/SiO2, respectively. In the 
isotherm plots (Figure 2-7), a Type IV isotherm and a H3 hysteresis loop at P/P0 
= 0.8 – 1.0 indicates that inter-particular porosity is common for these catalysts. 
The inter-particular porosity decreased in the order of Cs < K < Na. This 
indicates that SiO2 particles were agglomerated by the loading of alkali metal 
oxides, the extent of which is in the order of Cs < K < Na. Moreover, the 
significant decrease in the surface area of NaOx/SiO2 can be attributed to the 
transformation of amorphous SiO2 to cristobalite by high temperature 
calcination as a frequently observed in Na-SiO2 system [87]. 
Local structures of the SiO2 supported alkali metal oxide catalysts were 
explored by means of 29Si CP/MAS NMR (Figure 2-8). In the results, the bare 
support (SiO2) shows a characteristic peak at -108 ppm which is assigned to Q4 
species of Si [88]. The slightly asymmetric shape (to positive chemical shift) of 
the peak indicates that Q3 species also exist in the support material. When 
sodium or potassium oxide was loaded on the support, the Q3 peak (-95 ppm) 
clearly increased. This change in the spectrum suggests that the highly cross-
linked silica network is disrupted by sodium and potassium, resulting in the 
formation of branching sites. In contrast, the shape of the NMR spectrum for 
CsOx/SiO2 was nearly identical to that of the bare support. The different extent 
of change in the local silicate structure can be attributed to the strength of 







Na+ < K+ [89]. Considering this trend of dissolving ability, the ionic radii of K+ 
(152 pm) which is smaller than Cs+ (182 pm), and the coarse framework of 
amorphous silica, K+ can more easily penetrate into the bulk layer of the support 
than Cs+ (Na+ is not compared since NaOx/SiO2 has a considerably lower 
specific surface area). Experimental evidence for the degree of penetration from 
XPS spectra of the O 1s orbital of KOx/SiO2 and CsOx/SiO2 is found as follows: 
When alkali metal oxides were loaded on the support, a new peak at near 530.5 
eV (OAlk) was appeared in O1s spectra due to the interaction of alkali metal 
cations with nearby oxygen atoms. When the OAlk and alkali metal cations are 
quantified, the atomic ratio of OAlk and alkali metal cations for KOx/SiO2 was 
determined to be 6.6, which is higher than that for CsOx/SiO2 (3.2). This result 
indicates that K+ is surrounded by a larger number of oxygen atoms than Cs+, 
which means that more K+ is located in the bulk layer of the SiO2 support. The 
penetrated K+ (and generated basic sites) in KOx/SiO2 would be not accessible 
for the reaction. Consequently, this structural difference between KOx/SiO2 and 
CsOx/SiO2 could contribute to the outstanding performance of CsOx/SiO2.  
Based on these results, it can be concluded that outstanding performance of 
CsOx/SiO2 among the SiO2 supported alkali metal oxide catalysts can be 
attributed to i) stronger basic sites induced by the loading of Cs+, ii) lower 
agglomeration of SiO2 particles and less decrease in specific surface area, and 
iii) sufficiently large ionic radius and lower extent of silicate dissolution that 









Figure 2-4. XPS spectra of the supported alkali metal oxides: a) Na 1s of 











Figure 2-5. ESR spectra of a) NaOx/SiO2, b) KOx/SiO2, c) CsOx/SiO2, d) 











Figure 2-6. HR-TEM images of a) NaOx/SiO2, b) KOx/SiO2, c) CsOx/SiO2, and 
d) HAADF-STEM image of CsOx/SiO2 and their corresponding elemental 










Figure 2-7. Isotherm plots of N2 adsorption-desorption analyses for the SiO2 



















2.3.3 Effect of preparation conditions in CsOx/SiO2 catalyst system 
 
To further understand the CsOx/SiO2 catalyst system in more detail, I studied 
the effect of preparation conditions including Cs2O wt.% loading and 
calcination temperature on the catalytic performance and the structure of the 
catalysts (the notation of xCsOx/SiO2-y is used to express the x wt.% loading 
of Cs2O and y K of calcination temperature). Furthermore, a stability test was 
performed for the optimum catalyst.  
 
2.3.3.1 Cs2O wt.% loading 
 
Figure 2-9a show the isotherm plots of N2 adsorption-desorption analyses for 
the CsOx/SiO2 catalysts with different amounts of loaded Cs2O. With increasing 
Cs2O wt.% loading, the specific BET surface area is continuously decreased 
from 177 m2/g (1CsOx/SiO2-823) to 147 (5CsOx/SiO2-823), 115 (10CsOx/SiO2-
823), and 49 m2/g (20CsOx/SiO2-823). Some extent of this decrease in surface 
area can be attributed to increased amounts of Cs2O. However, the effective 
SiO2 surface area is also decreased (179, 155, 127, and 61 m2/g for 1, 5, 10, and 
20CsOx/SiO2-823, respectively), which indicates that an increase in Cs2O 
content significantly influences the structure of the SiO2 support. In Figure 2-
9a, the hysteresis at P/P0 = 0.7~1.0 shifted to a higher P/P0 value and is 
considerably decreased with increasing Cs2O contents from 10 wt.% to 20 wt.%. 
This shift means that inter-particular porosity disappears due to agglomeration 







assigned to amorphous SiO2 (22o) is shifted to higher angle (24.5o for 
20CsOx/SiO2-823), indicating that large Cs atoms are intercalated between SiO2 
particles during the agglomeration process.  
The effect of Cs2O wt.% loading on catalytic activity are shown in Figure 2-
11 as a function of the surface density of Cs atoms. The results clearly show an 
increasing trend of specific activity with decreased surface density. The specific 
activity was 7.5 h-1 at a high surface density of 17 Cs/nm2 (20CsOx/SiO2-823), 
and was increased by 6-fold to 44.2 h-1 for 0.24 Cs/nm2 (1CsOx/SiO2-823). 
Importantly, such a high activity at very low surface density indicates that 
isolated Cs atoms on SiO2 make up the active center for dehydrative 
epoxidation. Moreover, the distance between active sites is also a crucial factor 
for the dehydrative epoxidation, as evidenced by a continuous increase in 
specific activity with decreasing surface density. 
 
2.3.3.2 Calcination temperature 
 
An increase in calcination temperature at a constant loading of Cs2O (1 wt.%) 
also affected the textural properties of the catalysts (Figure 2-10b). Below a 
calcination temperature of 923 K, the CsOx/SiO2 catalysts exhibits similar BET 
surface areas (174, 177, and 187 m2/g for 723, 823, and 923 K of calcination 
temperature, respectively). At a calcination temperature of 1023 K, the catalyst 
loses surface area significantly (123 m2/g). This considerable decrease in 
surface area can be attributed to the condensation of silanol groups as evidenced 







region is present in the range of 373 ~ 633 K, which is attributed to the removal 
of surface adsorbates such as water molecules. In the range of 633 ~ 983 K, the 
process is exothermic, and can be caused by the oxidation of carbonaceous 
substances which are produced from acetate groups of the cesium precursor. At 
temperatures over 983 K, the endothermic process becomes dominant, due to 
the condensation of silanol groups in the surface of SiO2 [61, 90]. The XRD 
patterns of these catalysts were almost identical and were different from the 
patterns for the catalysts with different Cs2O loading because only small 
amounts of Cs2O (1 wt.%) were loaded.  
In Table 2-3 (entry 1-4), the specific activity of the catalysts was considerably 
affected by a calcination temperature. Although similar specific BET surface 
area was estimated after the calcination at 723, 823, and 923 K, the specific 
activity was higher for catalysts prepared at higher temperature. In contrast, the 
calcination at 1023 K led to a decrease in the catalytic activity of the catalyst 
(1CsOx/SiO2-1023). The decreased activity caused by calcination at 1023 K can 
be attributed to the decreased surface area, which leads to a higher surface 
density of Cs atoms. On the other hand, an increase in specific activity 
calcination for 723 ~ 923 K could be related to carbonaceous species which are 
produced from the cesium precursor. As evidenced by the result of a DSC 
analysis (Figure 2-12), the oxidation of carbonaceous species is occurred in the 
range of 633 ~ 983 K. Therefore, carbonaceous species can be removed 
insufficiently in this range of a calcination temperature. Remained 
carbonaceous species can cover active sites and thereby can cause a decrease 







2.3.3.3 Stability test 
 
Using the optimum catalyst (1CsOx/SiO2-923), a long-time reaction test was 
performed to evaluate the stability of the catalyst. The specific activity at initial 
time (2 ~ 6 h) decreased rapidly from 59.3 h-1 to 40.1 h-1. The specific activity 
then decreased slightly with time, and became constant for 32.7 ~ 35.8 h-1 after 
13 h of reaction. The rapid decrease in activity at the initial time can be 











































































































































































































































































































































































































Figure 2-9. Isotherm plots of N2 adsorption-desorption analyses for the 
prepared CsOx/SiO2 catalysts: a) the catalysts with different Cs2O wt.% loading 










Figure 2-10. XRD patterns of the prepared CsOx/SiO2 catalysts: a) the catalysts 
with different Cs2O wt.% loading calcined at 823 K, b) 1Cs/SiO2 catalysts 









Figure 2-11. The specific activity of the CsOx/SiO2 catalysts calcined at 823 K 
as a function of surface density: 1CsOx/SiO2-823 (0.24 Cs/nm2), 5CsOx/SiO2-










Figure 2-12. Profile for the differential scanning calorimetry analysis of the as-
prepared 1CsOx/SiO2. Red and blue stripe zones indicate endothermic and 









Figure 2-13. 133Cs MAS NMR spectra of the supported cesium oxide catalysts: 








2.3.4 Effect of support: Significance of the SiO2 support 
 
The significance of the support in the dehydrative epoxidation was further 
investigated by a comparison of catalysts using different supports (Al2O3 and 
TiO2). CsOx/Al2O3 and CsOx/TiO2 catalysts were prepared at two different 
conditions to compare their catalytic activity at low and high surface densities. 
Similar to the CsOx/SiO2 catalyst, Cs atoms were present as Cs+ The textural 
properties of the prepared catalysts were characterized by means of N2 
adsorption-desorption, HR-TEM, and XRD analyses. In brief, crystalline 
cesium oxides were not observed in the catalysts, and the inter-particular 
porosity of the catalysts were similar (Type IV isotherm and H3 hysteresis loop 
at P/P0 = 0.8 – 1.0), ensuring that the internal diffusion of reactants was not a 
determining factor for catalytic activity. 
When Al2O3 and TiO2 were utilized as the support instead of SiO2, the catalytic 
activity for the dehydrative epoxidation was significantly decreased compared 
to CsOx/SiO2 catalysts (Table 2-3. Entry 3, 5-9). At low surface density, 
0.5CsOx/Al2O3-923 (entry 5) and 0.25CsOx/TiO2-923 (entry 6) produced trace 
amounts of EB and BO, as opposed to 1CsOx/SiO2-923. These two catalysts 
exhibited a considerably high specific formation rate of MEK and IBA. This 
rate would be an overestimated value, as the formation of MEK and IBA can 
be attributed to the intrinsically reactive sites of Al2O3 and TiO2 rather than the 
basic sites formed by Cs atoms [91-93]. Moreover, by-products, such as 3-
hydroxy-2-butanone, 2,3-butanedione, t-butanol, and 2-butanol were also 







such as dehydrogenation, hydrogenation, and undesired dehydration reactions. 
For CsOx/Al2O3 and CsOx/TiO2 at a high surface density level (entry 8 and 9), 
the formation of MEK and IBA was suppressed due to a decrease in the 
exposed surface of Al2O3 and TiO2, and quantifiable amounts of EB and BO 
were produced as well. However, the specific activity was still considerably 
lower than that for the CsOx/SiO2 catalysts. 
It appeared that not only the loaded Cs atoms, but the SiO2 support also plays 
a crucial role in catalyzing dehydrative epoxidation. This significance of SiO2 
indicates that the properties of a basic site can vary considerably, depending on 
the support, or another promotional effect of a support occurs. In this regard, 
the base strength and local environment of Cs atoms in the supported Cs 
catalysts were compared to determine how strong the influence of a support is 
on the properties of a basic site. 
The base strength of the catalysts were compared by a Hammett indicator 
titration method. Among the catalysts, 10CsOx/Al2O3 exhibited the strongest 
base strength of H_ > 15.0. Other catalysts showed the comparable base 
strength of 8.2 < H_ < 15.0, except for 0.25CsOx/TiO2-923 that the base 
strength was determined to be 6.8 < H_ < 8.2. The results indicate that the base 
strength can be considerably affected by the type of support. 
The local structure of Cs+ on the supported cesium oxide catalysts was 
examined by 133Cs MAS NMR spectroscopy. At a low surface density (Figure 
2-13a), Cs atoms in 1CsOx/SiO2 are more negatively shielded (-36 ppm) than 
those in 0.5CsOx/Al2O3 (28 ppm) and 0.25CsOx/TiO2 (-7 ppm). This order of 







(Figure 2-13b), but the characteristic peak was slightly shifted to a positive 
value (-14, 33, and 26 ppm for 10CsOx/SiO2, 10CsOx/Al2O3, and 10CsOx/TiO2, 
respectively). The values of the chemical shift for the CsOx/SiO2 and 
CsOx/Al2O3 catalysts are similar to the reported values of Cs+ exchanged 
silicate and boehmite [69]. It is important to note that the chemical shift is 
closely related to the interaction between Cs+ and surface oxygen, the extent of 
which becomes stronger for a more negative chemical shift. Therefore, the more 
shielded (negative) chemical shift for CsOx/SiO2 catalysts indicates that Cs+ in 
CsOx/SiO2 is more tightly bonded to surface oxygen than Cs+ in CsOx/Al2O3 
and CsOx/TiO2. In addition, the positive shift for a high surface density means 
that the interaction is weakened when the distance between Cs atoms becomes 
shorter. Since the ionic radius of cesium is large (181 pm), Cs+ which is weakly 
bonded to the surface would hinder the adsorption of reactant molecule on 
surface basic sites, resulting in a decreased activity. In addition, Cs+ can be 
unstable when reaction conditions involve water molecules due to rapid 
leaching [69]. The variation in chemical shift for different supports can be 
attributed to the surface charge of the supports. The point of zero charge (PZC) 
for Al2O3 (Aeroxide® AluC) and TiO2 (Aeroxide® P25) is 9 and 6.4, 
respectively, and these values are considerably higher than the 2.7 of PZC for 
SiO2 (Aerosil® 200) [94]. The higher PZC value for Al2O3 and TiO2 means that 
a less negative surface charge is present, which can result in weaker interactions 
between Cs+ and surface oxygen atoms. This trend in PZC values is also in 







Based on these results, the type of support can have an effect on base strength, 
accessibility of basic sites, and stability of Cs+ ions. However, the results do not 
clearly explain the extraordinary effect of SiO2 support because base strength 
of 10CsOx/Al2O3 is stronger than that of CsOx/SiO2 catalysts, and the extent of 
difference in the local environment of Cs+ ion does not appear to be so 
significant. Hence, there would be other promotional function of SiO2 support 
that makes CsOx/SiO2 outstanding in the dehydrative epoxidation. The 
promotional function of the SiO2 support is further discussed in section 2.3.6.3, 
based on the results of DFT calculations. 
 
2.3.5 Stereochemistry in the dehydrative epoxidation 
 
The cis/trans ratio of epoxide EB in the products presents an important 
stereochemical footprint during the dehydrative epoxidation. In our 
experiments, a mixture of isomers of BD was used (meso: 77%, racemic: 23%), 
and the trans-EB was dominant in the products (Figure 2-14a). For precise 
information, pure meso-2,3-butanediol (mBD) was utilized as a reactant, and 
thereby the proportion of trans-EB increased to 96% from 80% for the mixed 
isomers of BD. Based on these results, it appears that the mBD is selectively 
converted to trans-EB via the dehydrative epoxidation. Similarly, cis-EB could 
be derived from racemic-2,3-butanediol (rBD) as well. This indicates that the 
reaction is stereoselective or stereospecific since configuration of one chiral 
center is inverted ((R,S) of mBD to (S,S or R,R) of trans-EB, and (S,S or R,R) 







Regarding the conformations and related energies of mBD, it was reported 
that a gauche-arrangement of O-C-C-O (gauche-mBD) is much favored in the 
gas phase over the anti-arrangement (anti-mBD) due to the stabilization by 
intramolecular hydrogen bonding and/or so called “gauche effect” [95]. 
Comparing the dihedral angle of the C-C-C-C for diol mBD and epoxide EB, 
the structure of gauche-mBD is similar to that of cis-EB rather than trans-EB. 
In order to have the selective conversion of stable gauche-mBD to trans-EB, 
the dehydrative epoxidation of mBD should involve a rotation on the C2-C3 
axes of the molecule during the reaction. 
There are three possible paths for the selective conversion with gauche-mBD: 
A rotation followed by dehydration, simultaneous rotation and dehydration, and 
dehydration followed by rotation (Figure 2-14b. path 1, path 2, and path 3, 
respectively). Feasibility of each path was examined by DFT calculations and 
is discussed below. In addition, the path 3 was verified experimentally to be 










Figure 2-14. a) Conformational effect of the reactant on the dehydration of 2,3-










2.3.6 Mechanism of the dehydrative epoxidation reaction 
 
To further understand the dehydrative epoxidation and its reaction mechanism, 
DFT calculations were performed on the model surface of CsOx/SiO2 catalyst. 
In this investigation, the stereochemistry in the dehydrative epoxidation was 
considered. 
 
2.3.6.1 DFT calculations: meso-2,3-butanediol in the gas-phase and 
in the adsorption on the model surface of CsOx/SiO2 
 
DFT calculations were performed at the PBE-D2 level of theory. In order to 
model the surface of the CsOx/SiO2, a SiO2 surface was first constructed based 
on previous reports [64,96-98] and Cs ion was then exchanged with proton of 
surface silanol group. The site of exchange plays the role of a basic site (Obase). 
For efficient calculations, the surface density of 1.0 Cs/nm2 was utilized instead 
of the value for the optimum catalyst (0.24 Cs/nm2 for 1CsOx/SiO2-923). 
Detailed descriptions of the modelled CsOx/SiO2 surface are shown in Figure 
2-15. Table 2-4 summarizes relative energies and important geometrical 
parameters obtained from the DFT calculations. 
The gas-phase structures of mBD with different conformations were 
optimized and the activation barrier for the rotation of gauche-mBD to anti-
mBD was calculated. The structure of gauche-mBD is quite similar to that of 
previous reports [95] which showed the existence of intramolecular hydrogen 
bonding between adjacent hydroxyl groups. This intramolecular hydrogen 







mBD is more stable than anti-mBD (9 kJ/mol). It was reported that gauche-
mBD exclusively presented in the gas-phase about 90% at a temperature of 298 
K due to this difference of energy [95]. In order to have a rotation from the most 
stable gauche-mBD to anti-mBD, somewhat high energy barrier of 22 kJ/mol 
is required. 
Through the systematic screening of the surface adsorption sites for anti-mBD 
and gauche-mBD, the most stable adsorption geometries for anti-mBD and 
gauche-mBD were found (Figure 2-16). It is important to note that the presence 
of interactions between Hα and Obase site has a considerable effect on the 
adsorption energy of the molecule. When the interaction between Hα and Obase 
is absent, the adsorption is weakened and the adsorption energy changes up to 
‒61 kJ/mol. Therefore, the basic site (Obase) is a major adsorption site on the 
CsOx/SiO2 catalyst. The adsorption energies (ΔEads) for anti-mBD and gauche-
mBD were ‒118 kJ/mol and ‒158 kJ/mol, respectively. Therefore, gauche-
mBD is energetically favored over anti-mBD in the adsorption on CsOx/SiO2 
surface as well as in the gas-phase. The stronger adsorption of gauche-mBD 
can be primarily attributed to the larger extent of hydrogen bonding with the 
surface. In case of the gauche-mBD adsorption, Oα‒Hα is adsorbed on Obase site 
with hydrogen bonding (Obase---Hα, 1.72 Å), and another Oβ-Hβ site enters into two 
types of hydrogen bonding situations with HSi and OSi (Oβ---HSi, 1.55 Å; OSi---Hβ, 
1.66 Å). In contrast, the adsorption of anti-mBD is only involved in two 
hydrogen bonding situations with the CsOx/SiO2 surface (Obase---Hα, 1.63 Å; 







than gauche-arrangement in the gas-phase (9 kJ/mol) is also one reason for the 
smaller adsorption energy of anti-mBD. 
The adsorption geometries of mBD allude the expected role of basic site as 
well as importance of surface hydroxyl site on dehydrative epoxidation. In the 
geometries, the bond lengths of Oα-Hα and C3-Oβ are slightly elongated upon 

















































































































































































































































































































































































































































































































































































































































































Figure 2-15. Periodic supercell of CsOx/SiO2 model surface. Blue dotted line 
indicates periodic boundary of the system. Bond distance between Obase and Cs+ 
(represented by orange line) is 2.88 Å, which is quite similar value with 









Figure 2-16. The most stable geometries for the adsorption of gauche-mBD (a-
1, top view; a-2, rotated view) and anti-mBD (b-1, top view; b-2, rotated view) 
on the model surface of CsOx/SiO2. Hydrogen atoms attached to carbon atoms 
are not present for a clear description. Obase, HSi, and OSi represent basic site, 
silanol proton, and surface oxygen of SiO2, respectively. Oα-Hα and Oβ-Hβ 
indicate hydroxyl groups of mBD. Calculations were performed at the PBE-D2 








2.3.6.2 DFT calculations: Clarification of the mechanism for the 
dehydrative epoxidation of 2,3-butanediol  
 
Figure 2-17 presents transition state structures for the dehydrative epoxidation 
of mBD with different conformational changes and a relative energy diagram 
over reaction coordinates. The three calculated transition states (Figure 2-17a, 
b, and c) correspond to the dehydration reaction of the paths in Figure 2-17b 
(path 1, path 2, and path 3, respectively. They are briefly summarized at the top 
of Figure 2-17).  
Considering the energy diagram at initial stage of reaction coordinate (Figure 
2-17d), the path 1 is relatively unfavorable than the other paths because of the 
required energy for the rotation from gauche-mBD into anti-mBD (22 kJ/mol) 
and relatively unstable geometries for anti-mBD (values for energy difference 
between anti-mBD and gauche-mBD are 9 and 40 kJ/mol in the gas phase and 
in the adsorption, respectively). However, the activation barrier (ΔEA) for TS1 
(160 kJ/mol) in the path 1 is significantly lower than that for TS2 (292 kJ/mol) 
and TS3 (276 kJ/mol). It is important to note that the difference in ΔEA (TS1 vs. 
TS2 and TS3) is much larger than the difference between anti-mBD and 
gauche-mBD in the gas phase and in the adsorption. Therefore, the path 1 is 
the energetically most probable path for the dehydrative epoxidation although 
adsorption geometry for gauche-mBD is more stable than that for anti-mBD. 








When the transition state structure is considered for the most probable path 
(TS1, Figure 2-17a), it is found that surface hydroxyl site of SiO2 is involved 
to produce H2O during the dehydrative epoxidation. In the structure, the silanol 
hydrogen (HSi) is transferred to the Oβ-Hβ hydroxyl group, resulting in the 
elimination of H2O from anti-mBD. Simultaneously, the Obase accepts the Hα, 
making the Oα nucleophilic prior to forming an epoxide ring. Hence, the 
structure indicates that both the surface hydroxyl site and the basic site are 
required for the dehydrative epoxidation of mBD. As similar to the structure of 
TS1, the transition state structure in path 2 (Figure 2-17b. TS2, gauche-mBD 
to trans-EB) also showed the involvement of the silanol hydrogen (HSi) in the 
elimination of H2O. However, the distortion of carbon backbone is quite 
different in this case. Dihedral angle of C1-C2-C3-C4 in TS1 is 152o, which is 
almost identical to that for trans-EB (152o in gas-phase, 154o after adsorption). 
In contrast, the dihedral angle in TS2 is 105.0o which is significantly distorted 
from the value for trans-EB. Single point calculations on the organic molecules 
in TS1 and TS2 estimates the extent of distortion at 77 kJ/mol. This value is 
comparable to 92 kJ/mol for the difference in transition state energy (ETS2 - ETS1), 
which indicates that the distortion in the organic molecule is a major contributor 
to the higher activation barrier of TS2. As opposed to TS1 and TS2, the 
participation of a silanol hydrogen did not occur in the transition state structure 
of path 3 (Figure 2-17c TS3, gauche-mBD to cis-EB). Hα is directly transfered 








Figure 2-17. Transition state structures of anti-mBD to trans-EB (a-1. top view; 
a-2. rotated view), gauche-mBD to trans-EB (b-1. top view; b-2. rotated view), 
and gauche-mBD to cis-EB (c-1. top view; c-2. rotated view); Hydrogen atoms 
attached to carbon atoms are not present for a clear description. d) Total energy 
diagram for the dehydrative epoxidation of mBD over the model surface of 
CsOx/SiO2. (anti-, gauche-, adsorption, and transition state are shortened as A-, 
G-, ads, and TS, respectively). Calculations were performed at the PBE-D2 









In the optimized adsorption geometries and transition state structure from the 
DFT calculations, it was found that not only the basic site, but also the surface 
hydroxyl site of the support are involved in dehydrative epoxidation. 
Importantly, the involvement of the surface hydroxyl site could explain the 
promotional effect of the support discussed in section 3.4. The proton in the 
hydroxyl site participates in the elimination of H2O, indicating that the acidity 
of the proton could be important in this function. In this regard, the point of 
zero charge (PZC) of support is closely related to the acidity of protons of 
surface hydroxyl sites as the surface charge of oxides can typically change by 
the gain and loss of a proton. A low PZC means that the surface of the oxide 
favors a negatively charged state by losing its proton. Therefore, since the PZC 
of SiO2 is lower (2.7), the surface hydroxyl site of SiO2 would contain a more 
acidic proton than Al2O3 and TiO2 (PZC = 9 and 6.4, respectively) and could be 
more effective in terms of the elimination of H2O. It is noteworthy that the trend 
in PZC values of the supports is consistent with the trend for specific activity 
among 10CsOx/SiO2-823, 10CsOx/Al2O3-823, and 10CsOx/TiO2-823. Based on 
these results, it can be concluded that the promotional effect of the support 
originates from the role of the surface hydroxyl site in the elimination of H2O, 
and the relatively higher acidity of protons in the surface hydroxyl sites of the 
SiO2 support contributes the outstanding performance of CsOx/SiO2 on the 
dehydrative epoxidation. 







mechanism for dehydrative epoxidation of mBD is proposed (Scheme 2-2). The 
dehydrative epoxidation of mBD results in the selective formation of trans-EB, 
since the reaction with the conformational change of mBD in an anti-
arrangement of O-C-C-O to trans-EB has a considerably lower activation 
barrier than the other conformational change. In this conformational change, 
the chirality of the carbon from which the hydroxyl group is eliminated is 
inverted by the backside attack of an anionic oxygen ((R,S) of mBD to give 
(R,R) of trans-EB in this model case). This inversion is quite similar to that for 
an SN2 type of substitution reaction [95] and suggests that the reaction is 
stereospecific. The mechanism of the dehydrative epoxidation is quite different 
from typical dehydration reactions which proceed via an elimination 
mechanism (E1, E2) [100]. The dehydrative epoxidation of other vicinal diols 
could occur in a manner similar to that for mBD. The sequence of the proposed 
mechanism is analogous to that for the dehydration of monoethanolamine to 
ethyleneimine which involves both weak acid and basic sites [73]. However, 
the higher basicity of the -NH2 group in monoethanolamine would make the 
reaction easier to be induced, even by SiO2, thus making it different from 



































































































































2.3.7 Conversion of 2,3-epoxybutane into 1,3-butadiene 
 
2.3.7.1 Precursor for 1,3-butadiene production 
 
Compared to the products from acid catalyzed dehydration of BD (i.e. MEK 
and IBA), EB is much reactive due to the presence of epoxide ring. This 
reactivity can provide the chance for further dehydration into 1,3-butadiene. 
However, reaction of EB over acidic Al-MCM-41 catalyst resulted in dominant 
formation of MEK and showed low selectivity toward 1,3-butadiene (19% 
yield at total conversion, Figure 2-18). On the other hand, BO which is 
isomerized product of EB was very attractive precursor as high 1,3-butadiene 
yield of 97% was achieved with this reactant. Based on these results, EB itself 
is not suitable precursor for the production of 1,3-butadiene, and the 









Figure 2-18. Results for reaction of trans-EB, BO, and MEK over acidic Al-
MCM-41 catalyst. Reaction condition: Fixed-bed flow reactor, Trxn = 523 K for 








2.3.7.2 Isomerization of 2,3-epoxybutane to 3-buten-2-ol 
 
Basic lithium phosphate (Li3PO4) was utilized as an catalyst for the 
isomerization of EB to BO. This catalyst was previously utilized in the 
isomerization of propylene oxide into allyl alcohol [19], which process is 
analogous to the isomerization of EB to BO.  
Reaction results using cis-EB and trans-EB are shown in Figure 2-19. Both 
the cis- and trans-EB were selectively converted to BO, but the use of trans-
EB resulted in a more selective reaction (92, 75 % for trans-EB and cis-EB, 
respectively). In the case of trans-EB isomerization, BO was major product and 
MEK was minor product. In contrast, the reaction of cis-EB produced trans-
EB and rBD as well as BO and MEK. This difference between cis- and trans-
EB could be caused by relative stability of EB molecule. In the selction 2.3.5, 
it was found that trans-EB is more energetically stable than cis-EB (11 kJ/mol). 
Therefore, at certain transition state, cis-EB can isomerize to trans-EB 










Figure 2-19. Resultis for reaction of trans-EB (left) and cis-EB (right) over 
basic lithium phosphate catalyst. Reaction condition: Fixed-bed flow reactor, 








2.3.8 Heterogeneous catalytic process for the production of 1,3-
butadiene 
 
On the basis of this study, heterogeneous catalytic process is proposed as 
Scheme 2-3. At the first reactor, the dehydrative epoxidation of BD over 
CsOx/SiO2 catalyst produces EB and BO with high selectivity. Since the boiling 
point (BP) of BD (184 oC) is considerably higher than EB, BO, and MEK (55, 
97, and 80 oC, respectively), unreacted 2,3-butanediol could be easily recovered. 
EB in the low BP products is further isomerized to BO at the second reactor. 
The downstream of the second reactor contains EB, BO, and MEK. As 
difference in BP between EB and MEK is higher than that between BO and 
MEK, separating EB from the downstream is easier to be carried out. The 
separated EB is recycled to the second reactor, and BO is further dehydrated 
into 1,3-butadiene at the third reactor. The produced 1,3-butadiene has 
considerably low boiling point of -4.5 oC, thus separation between 1,3-












































































Chapter 3. Mesoporous Solid Acid Catalyst for the 




The development of new solid acid catalysts has been essential in terms of 
replacing conventional homogeneous catalysts which are not only harmful to 
the environment, but also cause process problems [102]. A number of solid 
acids have been examined for this purpose, but all have certain limitations. For 
example, the small pores (< 2 nm) of zeolites make them difficult to use in 
reactions that involve the use of high molecular weight components. Sulfated 
zirconia catalysts, well known superacids, become deactivated during reactions, 
with the release of volatile sulfur-containing pollutants [103,104]. Solid acids 
based on supported metal oxides are potential candidates for replacing 
conventional mineral acids and chlorided Pt/Al2O3, which are harmful to the 
environment [105]. Among these types of catalysts, tungstated zirconia 
(WOx/ZrO2) catalysts have attracted interest, since Hino and Arata first 
discovered their strong acidity and low-temperature activity for light alkane 
isomerization [43]. It has been reported to have a high activity for alkane 
isomerization and the dehydration of alcohols [44-46]. The higher thermal and 
chemical stabilities of WOx/ZrO2 make them attractive for use in a variety of 
industrial processes [43,46]. They have the potential for use in commercial 







formation of xylene from toluene and methanol, and the oligomerization of 
lower molecular weight alkanes to gasoline, diesel and lubricants [106-109]. 
Not only the application of WOx/ZrO2 catalysts, but also the origin of their 
activity has been investigated by various characterization methods. Many 
investigators have attempted to find correlations between the structure of 
tungstate and catalytic activity [44,46,110-122]. Several proposed models and 
general surface species, including monotungstate, polytungstate and crystalline 
WO3 have been proposed.  The proposed active sites are as follows: i) slightly 
reduced polytungstate formed in-situ generated strong acid sites during 
reactions [44,111-113,138,139], ii) a balance between strong Brønsted acidity 
and Lewis acidity is required for a high activity [46,116,117], iii) zirconium 
incorporated tungstate clusters formed on WOx/ZrO2 produce charge 
compensating protons as strong Brønsted acids [110,114,115,120-122]. 
Regardless of the proposed models, it is generally accepted that the strong 
acidity is due to the strong interaction between zirconia and tungstate or by the 
presence of Zr-WOx clusters. However, even though extensive research into the 
active site has been reported, methods for improving the activity of WOx/ZrO2 
catalysts are generally not available. In addition, the low surface area of ZrO2 
(< 100 m2/g) is a disadvantage in catalytic reactions, especially liquid phase 
reactions. 
In order to improve WOx/ZrO2 catalysts, ordered mesoporous Zr-WOx/SiO2 
with a high surface area and a high density of Zr-WOx clusters is prepared. To 
optimize the density of the Zr-WOx clusters, the Zr/W ratio was varied to 







possible to investigate not only the enhanced population of Zr-WOx clusters, 
but also to obtain quantitative information, which results in a better 
understanding of the catalysts. The structure of the tungstate present on the 
prepared catalysts was characterized using a variety of characterization 
methods. Qualitative and quantitative data of acidity were collected to find the 
influence of the structure of tungstate, especially Zr-WOx clusters. Finally, the 
performance of the materials as an acid catalyst was examined for the 
esterification of 1-butanol with acetic acid and the results were compared with 











3.2.1 Preparation of mesoporous Zr-WOx/SiO2 
 
Sodium tungstate dihydrate (Na2WO4•2H2O), zirconium butoxide solution 
(Zr(OC4H9)4), tetraethyl orthosilicate (TEOS) were purchased from Sigma-
Aldrich; and hydrochloric acid (35-37%) was purchased from Samchun 
chemical.  
To facilitate the formation of Zr-WOx clusters, the sequential hydrolysis of 
zirconium and tungsten was introduced to the preparation procedure. A typical 
Zr-WOx/SiO2 synthesis was as follows: P123 (3.26 g, 0.562 mmol) was 
dissolved in H2O (100 ml, 5.56 mol) and stirred until a clear solution was 
obtained. HCl (8.6 ml, 0.089 mol) was then added to the solution. A zirconium 
butoxide ethanol solution (v/v=1) was added dropwisely to the solution with 
vigorous stirring. Due to the rapid hydrolysis and condensation of zirconium 
butoxide in water, a white precipitate was formed immediately and gradually 
disappeared with stirring. After the solution became clear, an aqueous solution 
of sodium tungstate (3 ml) was added dropwisely and the solution stirred for 1h 
to insure the formation of pre-Zr-WOx clusters. To obtain the same weight 
percent of tungstate (30 wt%) with different Zr/W ratio, amount of Zr(OC4H9)4 
and Na2WO4•2H2O were adjusted to 0~4.48 mmol and 3.47~4.48 mmol, 
respectively. TEOS (6.9 ml, 31 mmol) was then introduced and heated at 40 oC 
for 24 h with stirring. Subsequently, hydrothermal treat was carried out at 100 







ethanol and de-ionized water several time to remove sodium ion and remained 
acid. The filtered precipitate was dried at 80 oC overnight and then calcined at 
550 oC for 3 h. The catalysts are denoted simply as ‘WZrX’, where X indicates 





The N2 physisorption were carried out on a Micrometrics ASAP-2010 system. 
The total surface area of the samples was calculated by the BET method 
(P/Po=0.1~0.2). The pore volume and pore size distributions were obtained 
from the desorption branches of the isotherms using BJH methods. High 
resolution transmission electron micrograph (HR-TEM) images were obtained 
on a JEOL JEM-3010 microscope using bright field (BF) mode with an 
acceleration voltage of 300 kV. The X-ray diffraction (XRD) patterns were 
measured by a Rigaku D-MAX2500-PC powder X-ray diffractometer with Cu 
Kα radiation (1.5406 Å) in an operating mode of 50kV and 100mV. 
X-ray photoelectron spectroscopy (XPS) spectra were recorded using a 
KRATOS AXIS electron spectrometer equipped with MgKα radiation. All of 
the binding energy of the peaks was referred to the C1s at 284.6 eV. Binding 
energies were reported within an experimental error of ±0.2 eV. Ultraviolet-
visible (UV-Vis) spectra were recorded with a Jasco V670 spectrometer with 
diffuse reflectance spectroscopy (DRS) unit. The powdery sample was loaded 







NH3 temperature programmed desorption (TPD) was carried out using 
Micrometrics Autochem II chemisorption analyzer. Prior to the analysis, a 0.1g 
of sample was treated at 400 oC for 1h under a He flow. After cooling to 50 oC, 
the sample was saturated by treatment with a 10.2% NH3/He flow. The 
physisorbted NH3 was eliminated by flushing with a stream of He at 100 oC. 
After cooling to 50 oC, the TCD signal was recorded while the temperature was 
increased to 600 oC at a rate of 10 oC/min under a flow of He. In-situ FTIR 
spectra of NH3 adsorption were measured with a Midac spectrometer (model 
2100). A self-supported pellet containing about a 50 mg sample was placed in 
an In-situ IR cell, designed by Moon et al.[123] The pellet was pretreated at 
250 oC under a He flow for 1 h. After cooling to room temperature, the pellet 
was exposed to NH3 gas of 20 Torr pressure for 3 min. Desorption of NH3 was 
performed by evacuation at different temperatures (30, 150 and 250 oC). The 
spectrum was recorded after desorption at each temperature. To quantify the 
Bronste/Lewis acidity, the previously reported peak area-amount correlation is 
used [124]. NH4+ symmetric stretching (~1450 cm-1, Brønsted acid site) is 
typically seven-times more sensitive to asymmetric deformation of NH3 
coordinated to a Lewis acid site (~1610 cm-1). To adjust for this, the peak area 
of the Brønsted acid site was divided by 7. In order to quantify the amounts of 
Bronsted acid sites, it was assumed that total acid amounts obtained from NH3 










3.2.3 Acid catalyzed reaction 
 
Esterification of 1-butanol and acetic acid was carried out on a closed 
autoclave reactor with magnetic stirrer. Typically, 18.5ml of 1-butanol (200 
mmol) and 11.5ml of acetic acid (200 mmol) were added to reactor. A 0.2 g 
sample was then introduced to the reactant. The reactor was heated to 150oC 
and maintained for 4 h. Product was separated from the catalysts and analyzed 
by gas chromatography (Younglin ACME 6100 instrument) equipped with a 









3.3 Results and discussion 
 
3.3.1 Textural properties 
 
Detailed pore structure and surface area of the materials were investigated by 
N2 physisorption and the results are shown in Figure 3-1 and Table 3-1. An 
isotherm plot and pore size distribution of the catalysts are shown in Figure 3-
1. The WZr0 to WZr5 samples show a Type IV isotherm and H1 hysteresis loop 
between P/P0=0.6~0.8. This is caused by ordered cylindrical pores similar to 
mesoporous silicate, i.e., SBA-15. However, the WZr10 sample showed a 
broader hysteresis loop. Correspondingly, the WZr0 and WZr5 samples had a 
uniform pore size of about 5 nm and WZr10 had a smaller pore size with a non-
uniform distribution. The different hysteresis loop and corresponding pore 
structure might be due to the penetration of zirconium into SiO2 framework, as 
previously reported [117]. 
Table 3-1 shows the BET surface area, average pore size, and pore volume of 
the prepared catalysts. Except for WZr5 and WZr10, a high BET surface area 
of over 500 m2/g was found. Compared to WZr0, the BET surface area 
increased slightly by the addition of a small amount of zirconium (WZr1), but 
then decreased gradually with increasing amounts of zirconium. The average 
pore size of the WZrX catalysts was about 5.3nm, except for WZr10, which has 
a smaller size of about 4.4 nm. 
Three possible crystalline phases could be present on WOx/ZrO2, namely, 







crystalline structures of ZrO2 are not crucial factors for activity. However, the 
formation of monoclinic WO3 is known as a ‘boundary point of decreasing 
activity’ on the volcano relationship between activity and WOx loading [120]. 
XRD data for the prepared catalysts reveal the presence of monoclinic WO3 for 
WZr0 and WZr1 (Figure 3-2 a, b). WZr3, WZr5 and WZr10 showed only a 
broad peak near 25o due to silica. No peaks corresponding to crystalline ZrO2 
were found for any of the catalysts. It is known that tungstate inhibits the 
crystallization of zirconia [45,120]. Similarly the addition of zirconium inhibits 
the aggregation of tungstate and results in the elimination of crystalline WO3. 
Importantly, gradual shift of the peak appeared from amorphous SiO2 also 
supports the insertion of Zr in SiO2 framework. 
To verify the results of N2 physisorption and XRD, transmission electron 
microscopy was carried out to directly image the prepared catalysts. The results 
were consistent with the N2 physisorption and XRD results. For WZr0 and 
WZr1, monoclinic WO3 was formed and separated from mesoporous silica 
(Figure 3-3 inset) and an ordered cylindrical pore was found on WZr0 to WZr5, 
















WZr0 575 5.3 0.805 
WZr1 629 5.1 0.874 
WZr3 558 5.3 0.814 
WZr5 477 5.5 0.699 










Figure 3-1. Isotherm plot (left) and pore size distribution (right): a) WZr0, b) 



















Figure 3-3. TEM images of WZrX catalysts: a) WZr0, b) WZr1, c) WZr3, d) 








3.3.2 The nature of tungstate on WZrX catalysts 
 
X-ray photoelectron spectroscopy has been used to correlate the oxidation 
state and acidity of WOx/ZrO2 catalysts [132-134]. M.A. Corte´s-Ja´come et al. 
reported a trend in the XPS results for WOx/ZrO2 catalysts prepared at different 
calcination temperatures [132]. They confirmed that a large portion of the W5+ 
was present in the case of catalysts calcined at 560 oC, while no W5+ was found 
for samples calcined at 700 oC. Some of the W5+ was formed again when the 
preparation was calcined at 800 oC. Among these catalysts, calcination at 700 
oC resulted in the largest amount of Brønsted acidity, but there was no clear 
relation between the oxidation state of W and acidity. However, it is obvious 
that the state of W is an important factor and that it could affect the acidity of 
tungstate.  
XPS results for the WZrX catalysts revealed not only changes in the oxidation 
state, but also important evidence for the presence of Zr-WOx clusters. Figure 
3-4 shows XPS spectra of the W4f region. W4f consists of two spin-orbit 
components. The peak at 35.7±0.2 eV and 37.8±0.2 eV is assigned to W6+ 
species [132]. The W5+ species show two peaks at 34.7±0.2 eV and 36.8±0.2 
eV. A relatively large amount of tungsten (about 17 %) exists as W5+ on WZr0. 
Full width at half maximum of the peak for W6+ (2.88 eV) is larger than that for 
the other catalysts, which indicates that a more diverse state of tungstate was 
formed. A small amount of added zirconium results in a significant decrease in 
the amount of W5+ (8%) as well as the narrowing of the W6+ peak (FWHM=2.32 







and WZr10. It is interesting to note that the presence of Zr has a significant 
effect on the oxidation state of W, which supports the strong interaction 
between Zr and W. 
O1s spectra of the WZrX catalysts provided important evidence for the 
location of zirconium (Figure 3-5). Because zirconium was not included in the 
WZr0 catalyst, there would be two peaks, from SiO2 and WOX, in the O1s 
region. As can be seen in Figure 3-5, the O1s spectrum is clearly distinguished 
by the two peaks (532.8, 530.6 eV). The binding energy of each peak is similar 
to that of SiO2 (532.6~533.3 eV) and WO3 (530.2~530.8eV), which can be 
reasonably deconvoluted. Herein, O1s (Si) and O1s (tail) are denoted for the 
larger peak (532.8 eV) and the smaller one (530.6 eV), respectively. 
Because WZr0 contains no zirconium, the O1s (tail) peak is solely contributed 
by tungstate. When the amount of zirconium in the catalysts is increased, the 
growth of O1s (tail) would be expected to be due to the similar binding energy 
of ZrO2 (530.2~530.9 eV) and WO3 (530.2~530.8 eV). However, the area ratio 
of O1s (tail) and O1s (Si) is almost the same for WZr0, WZr1, and WZr3 (0.041, 
0.043, and 0.044, respectively). The ratio slightly increases to 0.055 for WZrX 
5, and then suddenly increases to 0.21 for WZr10. This trend reveals important 
structural information related to the catalysts, especially the location of Zr.  
Scheme 3-1 describes the influence of Zr insertion on different locations. 
When Zr is located on tungstate, the oxygen of W-O-Zr would be not much 
different from the original W-O-H or W-O-W due to the similar O1s binding 
energy of WO3 and ZrO2. Hence, the O1s (tail)/O1s (Si) ratio is retained. 







Because the O1s binding energy is significantly different between SiO2 and 
ZrO2, O1s (tail) would be increased. Based on this assumption, this explains 
that the similar O1s (tail)/O1s (Si) ratio of WZr0, WZr1 and WZr3 is due to Zr 
is located on tungstate rather than on the SiO2 framework. A slight increase in 
the ratio for WZr5 means that Zr starts to form in silicate as well as tungstate. 
For WZr10, the ratio is significantly increased to 0.21, which would result in a 
disordered cylindrical pore structure (consistent with the TEM images). 
Tungstate based catalysts, including WOx/ZrO2, have been extensively studied, 
in attempts to determine the active site and to correlate the structure with 
activity [115,119,120,126-132]. Raman spectroscopy data for WOx/ZrO2 
revealed that the presence of Zr-WOx and tungstate with Keggin like structures 
[115,119,127]. Previous investigators attempted to determine the nature of the 
coordination and bonding of tungstate present in active WOx/ZrO2 [130,131]. 
Even though no significant differences between active and non-active catalysts 
were found, it was revealed that tungstate is mainly comprised of ‘edge-shared 
octahedra’ rather than corner-shared octahedra. Among the various 
characterizations, ultraviolet-visible spectroscopy also has been utilized to 
investigate the structure of tungstate [115,119,120,126-128]. On tungstate 
based materials, a sharp absorption between 2.6 eV and 3.6 eV is typically 
found, which is caused by ligand-to-metal charge transfer (O2p→W5d) [119]. 
The absorption edge energy (Eg) is affected by several factors: i) the tungstate 
domain size (confinement effect), ii) the structure of the tungstate, iii) effect of 
the support [119]. There might be some differences in the tungstate structure 







the presence of silicate. However, both WOx/ZrO2 and WOx/SiO2, which have 
been previously studied, showed edge-shared units with Keggin-like structures 
[130,131,135]. It would therefore be expected that the local structure of WZrX 
catalysts would not differ substantially from that of WOx/ZrO2. 
In Figure 3-6, two shoulders in WZr0 and WZr1 indicate the different 
tungstates are formed. The first shoulder of absorption edge energy (Eg)≈2.5 
eV is assigned to monoclinic WO3, and the second to polytungstate.[119] 
Because monoclinic WO3 is presented, it is hard to obtain the Eg value of 
polytungstate in these catalysts. However, compared to WZr3, WZr5, and 
WZr10, a second shoulder starts at a lower energy. Hence, the Eg of 
polytungstate on the two catalysts is lower than the others. Different from WZr0 
and WZr1, monoclinic WO3 (Eg≈2.5eV) disappears on WZr3, WZr5 and 
WZr10, which is consistent with the TEM and XRD findings. The second 
shoulder, which is unclear in the case of WZr0 and WZr1, is clearly present. 
The Eg value is 3.3 eV for WZr3 and 3.4 eV for WZr5 and WZr10, which is 
assigned to presence of a polytungstate W-O-W linkage [119]. The absorption 
edge energy of WZr3 is higher than that for the supported 20 wt% WOx/ZrO2 
(Eg=3.0eV). This can be attributed to the influence of the support rather than 
structure or domain size of tungstate. E. Iglesia et al. reported that the Eg of 
monotungstate present on WOx/ZrO2 (3.49 eV) and WOx/Al2O3 (3.95 eV) was 
much lower than isolated molecular monotungstate, Na2WO4 (4.89 eV), due to 
tungstate-support interactions which cause increase in the effective domain size 
[119]. As is well known, different from Al2O3 and ZrO2, the interaction between 







low concentration of tungstate [119,126,136]. Hence the effect of the silica 
support on the increase in effective domain size would be expected to be lower 
than ZrO2 and Al2O3, which would result in a higher Eg value. The very similar 
Eg values of WZr5 and WZr10 could be explained by differences in the effect 
of the support on the catalysts. As already shown by the XPS results, only a 
small amount of Zr was contained by the SiO2 framework for WZr5, so the 
effect of the support would be almost the same as WZr3. However situation 
was somewhat different for WZr10 because large amounts of Zr were 
introduced. The surroundings of tungstate on WZr10 are mixed ZrO2-SiO2 
rather than SiO2. Therefore, it resulted an increase in the effective domain size 
due to effect of ZrO2, thus decreasing the absorption edge energy.  
Compared to the Keggin structured model tungstate (ammonium 
metatungstate, phosphotungstic acid), the Eg of WZr3 and WZr5 is slightly 
higher (3.0eV vs 3.3, 3.4eV). It is known that the Eg of tungstate is linearly 
correlated with the average number of covalent bridging W-O-W bonds [127]. 
The NW-O-W for a Keggin structure is 4. Because of the Keggin-like structure 
present on WOx/ZrO2 and WOx/SiO2, the NW-O-W of WZr3 and WZr5 would be 
lower than 4, consequently resulting in a lower domain size for tungstate. Zhou 
et al. recently demonstrated the presence of Zr-WOx clusters through direct 
imaging using HAADF-STEM [121]. They reported that Zr-WOx clusters 
present on WOx/ZrO2 are comprised of sub-nanometre tungstate with a 3D 
structure. Because it is known that the molecular size of Keggin structured 12-
tungstate is about 1 nm [137], the slightly lower NW-O-W for WZr3 and WZr5 is 








Figure 3-4. X-ray photoelectron W4f spectra of WZrX catalysts: a) WZr0, b) 











Figure 3-5. X-ray photoelectron O1s spectra of WZrX catalysts: a) WZr0, b) 









Figure 3-6. UV-Vis spectra of WZr catalysts: Assigned to a) monoclinic WO3, 



















3.3.3 Structure of WZrX catalysts 
 
Based on textural properties, XPS and UV-Vis results, the structures of the 
WZrX catalysts are shown in scheme 3-2. The presence of monoclinic WO3 on 
WZr0 and WZr1 was confirmed by TEM, XRD and UV-Vis. In addition, 
polytungstate is formed on these catalysts. From the XPS results, Zr is 
incorporated into tungstate rather than SiO2 on WZr1 and WZr3. So, 
monoclinic WO3 and Zr-WOx clusters would be formed on WZr1. For WZr3, 
there are only Zr-WOx clusters without monoclinic WO3. Polytungstate or 
monotungstate in smaller sizes would be formed on WZr5, which was 
confirmed by the lower absorption edge energy. Thus, the maximum density of 
the Zr-WOx clusters would be achieved at a Zr/W ratio of 0.3. A large amount 
of Zr is introduced into the SiO2 of WZr10, so the tungstate is surrounded by 
ZrO2-SiO2 rather than SiO2. Consequently polytungstate or monotungstate in 
smaller sizes are mainly formed on WZr10 with the collapse of the uniform 










Scheme 3-2 Structures of the WZrX catalysts: Monoclinic WO3 (m-WO3), 
polytungstate (WOx), Zr-WOx clusters (Zr-WOx, gray-filled), and small 








3.3.4 Acidic properties of WZrX catalysts 
 
To insure the accurate quantification of Brønsted and Lewis acidity, the total 
amount of acid was estimated by NH3 TPD and NH3 in-situ FTIR was then used 
to determine the ratio of Brønsted and Lewis acid sites.  
Figure 3-7 shows the NH3 in-situ FTIR results for samples evacuated at 150oC. 
The peak maximum at 1450cm-1 is assigned to protonated NH4+ adsorbed to 
Brønsted acid sites. The peak of 1610cm-1 is assigned to NH3 coordinatively 
bonded to Lewis acid sites [138]. Figure 3-8 shows the amount of Brønsted acid 
sites calculated from the NH3 TPD and NH3 in-situ FTIR results at each 
evacuation temperature. When evacuated at 30oC, the highest level of Brønsted 
acid sites was present on WZr5. While, at 150oC and 250oC, WZr3 contain 
higher amounts of Brønsted acid than the other catalysts. The Brønsted acid 
content for WZr0 is comparable to WZr5, except at 30oC. WZr1 and WZr10 
show similar Brønsted acidities. Consequently, it can be concluded that 
stronger Brønsted acid sites were formed more on WZr3 to a greater extent.  
It appears that the population of Zr-WOx clusters is an important factor in 
terms of Brønsted acidity. In the case of WZr0, the fact that it has a higher 
Brønsted acidity than WZr1 can be attributed to the large number of W5+-O-
W6+ bonds, which could generate acidic protons. As discussed above, the WZr3 
catalyst contained mainly Zr-WOx clusters, while the other catalysts contained 
monoclinic WO3 or tungstate in smaller sizes, and it showed a stronger 
Brønsted acidity than the other catalysts. The Brønsted acidities of WZr5 and 







Thus, major factor influencing the Brønsted acidity of the WZrX catalysts is 

































































3.3.5 Acid catalyzed reactions 
 
It was known that esterification reactions are catalyzed by Brønsted acids. 
Several authors reported that Lewis acids also catalyzed this reaction [139, 140], 
but such catalysts are mostly supported metal chlorides, which have highly 
strong Lewis acid sites and can form HCl. While, supported metal oxides follow 
the mechanism of Brønsted acid catalyzed reactions [141]. 
Figure 3-9 shows the results for the prepared WZrX catalysts and control 
catalysts (HZSM-5, WOx/ZrO2) on the esterification of 1-butanol and acetic 
acid. Compared to the control catalysts, the WZrX catalysts showed a 
significantly higher activity, except for WZr10. WZr3 showed highest activity 
among the WZrX catalysts due to its stronger Brønsted acidity. The activities 
of WZr0 and WZr5 were almost the same. Significantly, the low activity of 
WZr10 can be explained by its relatively smaller pore size and low surface area 
even though it has a similar content of Brønsted acid sites as WZr1. The linear 
relationship between activity and Brønsted acid content at 150oC verifies that 










Figure 3-9. Esterification of 1-butanol and acetic acid: T=150oC, time=4h, 1-
butanol/acetic acid=1/1, catalyst 0.2 g. 
  

























Chapter 4. Summary and Conclusions 
 
The dehydrative epoxidation of 2,3-butanediol into 2,3-epoxybutane and 
heterogeneous catalytic process for the production of 1,3-butadiene are reported. 
Among a series of supported basic metal oxides tested, a CsOx/SiO2 catalyst 
was found to be the most effective catalyst for the dehydrative epoxidation to 
produce 2,3-epoxybutane. The optimized catalyst with respect to loading 
amount of Cs2O and calcination temperature (1 wt.% CsOx/SiO2 calcined at 823 
K) exhibited specific activity of 59.3 h-1. Based on the experimental evidences 
and the DFT results, the CsOx/SiO2 catalyst appears to be an outstanding 
catalyst for dehydrative epoxidation reactions for the following reasons: i) 
sufficiently strong base strength induced by the presence of cesium, ii) large 
ionic radius and low silicate dissolution that permit Cs+ to exist on the surface 
and to be accessible to the reactant, iii) formation of stable basic sites in virtue 
of strong interactions between Cs+ and surface oxygens caused by the low point 
of zero charge of SiO2, and iv) relatively acidic protons of surface hydroxyl 
sites of SiO2 which is advantageous for the elimination to H2O. When the 
relative energies for different conformations (gauche- and anti-arrangement) of 
meso-2,3-butanediol is considered by the DFT calculations, anti-meso-2,3-
butanediol is less stable than gauche-meso-2,3-butanediol in the gas phase (9 
kJ/mol) and in the adsorption on the CsOx/SiO2 model surface (40 kJ/mol). 
However, the activation barrier for the dehydrative epoxidation of anti-meso-







much lower than that of gauche-meso-2,3-butanediol into trans-2,3-
epoxybutane (292 kJ/mol; TS2 and path2) and cis-2,3-epoxybutane (276 kJ/mol; 
TS3 and path3). The above results allow us to conclude that the dehydrative 
epoxidation is mainly induced via SN2-like stereospecific mechanism, resulting 
in the selective formation of trans-2,3-epoxybutane from meso-2,3-butanediol. 
Using the dehydrative epoxidation, the production of 1,3-butadiene from 2,3-
butanediol using the heterogeneous catalytic system is proposed. Sequential 
processes consisting of dehydrative epoxidation, isomerization, and acid 
catalyzed dehydration can result in the highly selective production of 1,3-
butadiene. It can conclude that dehydrative epoxidation can expand the scope 
of chemicals that can be produced from biomass-derived feedstocks by 
widening the dehydration route. 
In order to replace conventional homogeneous mineral acid catalyst for the 
esterification reaction, mesoporous Zr-WOx/SiO2 catalysts with high surface 
areas and a high density of Zr-WOx clusters was prepared. The sequential 
hydrolysis of zirconium and tungsten was used to insure the formation of pre-
Zr-WOx clusters. The Zr/W ratio was varied to find optimum conditions 
required for Zr-WOx cluster formation. Except for a Zr/W ratio of 1, the 
prepared catalysts contained ordered cylindrical mesopores with a uniform size 
about 5 nm. Not only polytungstate, but inactive monoclinic WO3 was also 
formed when for ratios of Zr/W<0.3. Below a certain Zr/W ratio (≈0.5), 
zirconium was primarily located on tungstate rather than SiO2, which result in 
the formation of Zr-WOx clusters. When the Zr/W ratio exceeded this value, 







ordered mesopores sometimes collapsed. Based on the characterization results, 
it can be concluded that the optimum Zr/W ratio for producing a high density 
of Zr-WOx clusters is ca. 0.3 (WZr3). At this ratio, a larger amount of strong 
Brønsted acid sites are formed. The catalytic performance of Zr-WOx/SiO2 
catalysts for the esterification of 1-butanol and acetic acid was significantly 
improved compared to HZSM-5 and WOx/ZrO2. Among the Zr-WOx/SiO2 
catalysts studied, the highest activity was found for a Zr/W ratio of 0.3 because 
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국 문 초 록 
 
 
바이오매스를 이용한 정밀화학물질의 생산은 기존의 석유화학공정을 
대체할 수 있는 방법으로서 각광을 받고있다. 석유와 다르게 
바이오매스로부터 유래하는 원재료는 많은 양의 산소를 포함하고 있기 
때문에 기존에 석유로부터 생산하던 화학물질을 얻기 위해서는 이 산소의 
선택적인 제거가 매우 중요하다. 탈수반응, 에스테르화 반응과 같이 물이 
제거되는 탈수적 반응들은 바이오매스 유래 물질로부터 산소를 제거함과 
동시에 생성물질에 원하는 기능기를 도입할 수 있기 때문에 위의 목적에 
부합하는 효과적인 방법이다. 이 논문에서는 바이오매스로부터 유래하는 
C4 화학물질의 전환을 위한 비균일계 탈수적 촉매 공정에 대해 
연구하였다. 
첫 번째로 바이오매스로부터 유래하는 2,3-부탄디올을 2,3-
에폭시부탄으로 전환시킬 수 있는 새로운 탈수반응(탈수적 
에폭시화반응)과 이를 이용한 1,3-부타디엔 생산을 위한 비균일계 
촉매공정에 대해 논의하고자 한다. 이 탈수반응은 염기성 물질이 담지된 
촉매에서 활성을 보이며, 특히 세슘이 담지된 실리카(CsOx/SiO2) 촉매가 
가장 높은 활성을 보이는 것으로 나타났다. CsOx/SiO2 촉매의 높은 활성에 







찾고자 하였다. 또한 새로운 반응이 어떤 메커니즘으로 일어나는지를 알기 
위해 밀도범함수이론(density functional theory, DFT) 계산을 이용하여 
이론적으로 해석하고자 하였다. 분석결과 CsOx/SiO2 촉매의 높은 활성의 
원인은 다음과 같은 요소들이 복합적으로 작용하였음을 확인하였다: i) 
Cs+의 담지로 인한 강한 산점의 생성, ii) Cs+ 이온의 큰 크기로 인해 SiO2 
내부로 침투하지 않기 때문에 생성된 염기점이 표면에서 반응물과 
용이하게 접촉가능, iii) SiO2 담체와 Cs
+의 강한 결합으로 인한 안정적인 
염기점의 생성, iv) 약한 산성을 띠는 SiO2 표면이 탈수반응을 용이하게 함. 
또한 탈수적 에폭시화반응은 meso-2,3-butanediol (R,S)이 trans-2,3-
epoxybutane (R,R or S,S)으로 전환되는 키랄성의 변화를 가져오는 SN2 
유사 반응 메커니즘을 따르며, 이는 DFT모사 결과와도 일치하였다. 2,3-
부탄디올의 탈수적 에폭시화반응을 통해 생성된 2,3-에폭시부탄은 다른 
정밀화학물질의 생산에도 유용하게 활용될 수 있다. 염기성 
리튬포스페이트 촉매를 이용하여 반응하였을 때, 2,3-에폭시부탄이 높은 
선택도를 보이며 3-부텐-2-올로 전환되는 것을 확인하였다. 여기에 더해, 
3-부텐-2-올은 1,3-부타디엔을 생산하기에 매우 적합한 전구체로서 
작용하며, 산성을 띠는 중형기공성 알루미노실리케이트 촉매를 이용할 
경우 매우 높은 수율을 나타내는 것을 확인하였다. 
마지막으로, 산촉매작용을 통해 일어나는 1-부탄올의 에스테르화반응용 







부탄올은 다양한 종류의 에스터로 전환될 수 있는데, 이들은 환경친화적인 
용매, 혹은 향수의 전구체로서 매우 유용하게 활용될 수 있다. 현재 
대부분의 에스테르화 반응은 황산과 같은 균일계 산촉매를 이용하여 
이루어지는데, 이런 균일계 산촉매의 사용은 반응기의 부식, 그리고 
환경적인 문제를 야기한다. 따라서 현재의 문제점을 해결하기 위해서는 
비균일계 촉매의 개발이 시급한 실정이다. 이와 관련하여 이 연구에서는 
텅스텐산화물 담지 지르코늄 촉매에 주목했다. 이 촉매는 알코올의 
탈수반응, 알칸의 이성질화 반응에 좋은 활성을 보이는 것으로 알려졌는데, 
이는 촉매표면에 생성되는 Zr-WOx 클러스터가 높은 산특성을 보이기 
때문이라고 밝혀졌다. 하지만 현재 이 Zr-WOx 클러스터를 높은 밀도로 
가지고 있는 촉매를 제조하기 위한 방법에 대해서는 연구가 부족한 
실정이다. 이 연구에서는 Zr-WOx 클러스터를 높은 밀도로 제조하기 위한 
중형기공성 Zr-WOx/SiO2 촉매를 제안하고, 이 촉매에서 Zr/W의 비율에 
따른 구조와 산특성을 조사하였다. 순차적인 지르코늄과 텅스텐의 
가수분해와 soft-templating을 통해 강한 산성을 나타내는 Zr-WOx 
클러스터가 균일하게 분포한 중형기공 구조의 물질을 제조하였다. 제조된 
Zr-WOx/SiO2 촉매의 특성을 질소흡착, XRD, TEM, XPS, UV-Vis분광법, 
NH3-TPD, in-situ FTIR로 분석하였다. 이 물질은 500 m2/g 이상의 높은 
표면적과 균일하게 정렬된 5 nm의 원통형 기공구조를 가지고 있었다. 







존재하는 것이 확인이 되었으며, 이는 Zr-WOx 클러스터가 주로 
형성되었음을 의미한다. 가장 높은 Zr-WOx 밀도는 Zr/W 비율이 0.3일 
때 나타났으며, 또한 가장 강한 Brønsted 산특성을 보였다. 결과적으로 
Zr/W 비율이 0.3인 Zr-WOx/SiO2촉매가 1-부탄올과 아세트산의 
에스테르화 반응에 가장 높은 활성을 보였으며, 이 활성은 기존의 
HZSM-5, WOx/ZrO2 촉매보다 월등하였다. 
 
주요어: 비균일계 촉매작용, 탈수반응, 에스테르화반응, 반응 
메커니즘, 촉매 프로세스 
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